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FOREWORD 

The  work  which  is  the  subject  of  this  report  was  performed  as  part 
of  R&D  Work  Unit  30661318,  "Compressor/Turbine  Instrumentation  and 
Transient  Analysis  Equipment."  The  objective  of  this  task  was  to  study 
and  develop  practical  measurement  and  data  analysis  techniques  of  value 
in  research  testing  of  turbine  engines.  The  study  of  the  pressure 
measurement  equipment  described  herein  was  prompted  by  the  requirements 
and  test  activities  of  other  in-house  R&D  programs,  such  as  compressor 
aerodynamics  studies  performed  on  Work  Unit  30660418  and  engine  controls 
studies  on  Work  Unit  30660340.  This  report  covers  all  work  performed 
from  1973  through  1980,  and  constitutes  the  final  item  required  for 
completion  of  Work  Unit  30661318.  The  principal  investigator  was  D.  L. 
McCormick. 
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SECTION  I 

WHY  USE  A  VARIABLE  RELUCTANCE  PRESSURE  TRANSDUCER? 

Various  methods  are  used  in  the  design  and  application  of  pressure 
transducers  to  extend  the  useful  range  sensitivity,  which  is  the  number 
of  units  of  electrical  output  per  unit  of  pressure  input.  The  typical 
limitations  of  the  transducers  themselves  are  most  evident  in  low 
velocity  gas  dynamics  testing  requiring  either  pipe  flow  or  free  stream 
measurements  where  the  process  energy  available  to  actuate  the 
transducers  is  extremely  low. 

The  application  of  pneumatic/electrical  transducers  to  free  stream 
flow  measurement  which  is  of  most  concern  in  aerodynamics  research 
testing  usually  involves  the  following: 

-  Many  dedicated  channels 

-  Limited  space  for  transducers  and  pneumatics 

-  High  precision  measurement  of  low  pressures  achieved  by  the 
following: 

-  Optimum  selection  of  range  sensitivities  of  transducers 

-  Frequent  remote  actuation  of  zero  and  span  check  pneumatics 


-  Moderate  to  severe  temperature  and  acceleration  environment  and 
electrical  disturbances. 

The  mechanical  test  assembly,  transducer,  and  electrical  system 
are  almost  always  crucial  parts  of  the  test  program  and  represent  a  very 
large  capital  investment.  In  almost  all  cases,  the  characteristics  and 
limitations  of  the  basic  pressure  transducer  govern  the  design 
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configuration  and  test  performance.  The  principle  interest  in  the 
variable  reluctance  transducer/carrier  amplifier  is  as  an  alternate  to 
miniature  strain  gage  types  and  DC  signal  conditioners  where  the  greater 
range  sensitivity  of  the  variable  reluctance  (VR)  type  would  give 
improved  data  precision,  especially  in  the  steady  state  and  low  frequency 
regime.  The  instrumentation  for  measuring  fluctuating  pressures  and  the 
upper  frequency  limit  of  interest  are  peculiar  to  each  experiment  and 
the  overall  continuum  from  zero  frequency  to  the  maximum  is  sometimes 
covered  by  separate  parallel  transducer  channels. 

The  most  common  transducer  design  approaches  to  optimizing  range 
sensitivity  are  "brute  force",  either  in  cost,  size,  or  complexity,  and 
involve  a  wide  variety  of  mechanical  and  electrical  techniques. 

Carrying  such  approaches  to  the  extremes  needed  to  achieve  adequate 
range  sensitivity  often  results  in  one  or  more  of  the  following 
handicaps: 

-  Very  large  pressure  integrating  surface  areas  with  attendant 
slow  response 

-  Very  high  gain  electronic  equipment 

-  Comp 1 icated, del i cate  lever  systems  or  other  mechanisms 

-  Complex  modulation  schemes  and  circuitry 

-  Difficult  or  costly  fabrication  processes,  often  proprietary 
and  often  not  available  from  second  sources. 

Only  the  variable  reluctance  (VR)  transducer  is  free  of  the  need 
for  these  burdensome  approaches  and  their  attendant  limitations. 

However,  the  usefulness  of  VR  transducers  is  generally  questioned 
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because  of  widespread  unfamiliarity  and  misconceptions  about  the 
equipment  and  the  operational  techniques  needed  to  apply  them  to  test 
measurements.  The  many  signal  phase  and  amplitude  relationships 
existing  in  a  transducer  and  carrier  amplifier  combination  are  seldom 
controlled  sufficiently  to  permit  definition  of  useable  system  accuracy, 
linearity,  and  repeatability  or  to  maximize  measurement  precision  (self- 
consistency),  particularly  in  a  real  test  environment. 

The  quadrature  and  harmonics  in  the  output  of  VR  transducers  are 
other  sources  of  practical  difficulty.  They  not  only  cause  confusion  in 
balancing  and  adjusting  the  carrier  signal  conditioner,  but  also  undergo 
uncontrolled  and  untraceable  changes  with  physical  load  and  environment. 
The  necessity  for,  or  expedient  of,  ignoring  these  changes  degrades  the 
useful  accuracy  and  precision  of  this  method  of  pressure  measurement. 

As  a  result,  the  strain  gage  transducer,  used  with  a  precision  D.C. 
signal  conditioner,  has  become  dominant  in  pressure  data  system 
applications.  It  is  commonly  held  that  the  intrinsic  precision  of  the 
VR  transducer/carrier  signal  conditioner  combination  is  of  the  order  of 
two  percent  of  full-scale  at  best.  Commonly  available  signal 
conditioners  and  read-out  devices  for  VR  pressure  transducers  are  often 
designed  as  if  this  limitation  is  inescapable. 

Even  if  this  serious  apparent  limitation  on  precision  could  not  be 
overcome,  the  VR  transducer  still  possesses  several  unique  advantages  in 
some  applications.  Because  of  its  inherent  high  range  sensitivity,  it 
can  easily  be  constructed  in  ranges  as  low  as  ±0.01  PSID  full-scale. 

The  transducers  may  be  extremely  small,  rugged,  inexpensive,  stable, 
have  infinite  resolution,  and  can  withstand  very  high  temperatures. 

They  have  relatively  high  frequency  response  and  are  repairable  in  the 
field.  They  are  electrically,  mechanically,  and  pneumatically 
symmetrical  in  construction,  contributing  to  stability.  The  simplicity 
of  the  mechanical  structure  of  the  VR  transducer  makes  it  relatively 
insensitive  to  thermal  shocks,  although  it  has  never  been  put  to  a 
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serious  test  in  this  regard  because  of  the  massive  body  designs  tradi¬ 
tionally  used.  The  replacement  of  the  center  plate  can  also  serve  as  a 
modification  of  span  sensitivity  as  well  as  a  repair  procedure,  and  can 
be  accomplished  in  the  field  with  only  an  alien  wrench  (Reference  1). 
This  would  simplify  inventory  logistics.  The  basic  design  may  easily 
be  modified  to  support  the  center  plate  during  pressure  over  toads, 
thereby  preventing  damage.  The  enclosed  volume  of  a  typical  VR  trans¬ 
ducer  is  less  than  that  of  the  bellows  or  aneroid  types  by  a  factor  of 
ten  or  more. 

A  carrier  system  is  inherently  free  from  normal  and  common  mode 
pick-up  of  extraneous  electrical  signals  (noise)  in  the  cabling  from  the 
transducer  to  the  conditioner,  and  is  totally  free  from  the  effects  of 
thermo  EMFs  which  would  appear  as  measurement  errors  in  low  level  OC 
transducer  circuits.  The  carrier  technique  is  an  integral  part  of  the 
internal  design  of  precision  OC  data  amplifiers  used  in  large  numbers  in 
high  performance  analog  and  digital  data  acquisition  systems.  Unlike 
direct  systems,  no  form  of  low  frequency  electrical  pick-up  will  affect 
the  processed  signal  because  the  carrier  amplifier  and  associated 
circuits  pass  and  respond  only  to  signals  which  appear  as  the  product  of 
the  carrier  and  the  pressure  analog  (Section  III).  Common  mode  pick-up 
is  eliminated  in  the  input  transformer  and  the  AC  gain  circuitry,  both 
of  which  are  conventional  in  design  and  construction.  For  these 
reasons,  the  carrier  amplifier  and  VR  transducer  pressure  measurement 
system  can  be  used  in  extreme  environments  for  recording  data  from 
superconductivity  experiments,  nuclear  blasts,  arc  discharge  wind 
tunnels,  and  other  applications  involving  extremely  high  steady  state 
and  changing  magnetic  fields,  particularly  when  very  long  lines  (2-3 
miles)  between  transducer  and  signal  conditioner  are  required.  This 
does  not  mean  that  the  magnetic  material  in  the  transducers  is  totally 
immune  from  the  effects  of  strong  magnetic  fields,  nuclear  radiation  or 
high  temperature.  The  construction  lends  itself  to  insulating  and 
shielding  the  coils  from  the  case  if  desired  for  further  system  noise 
reduction  and  safety  reasons. 
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Other  instrumentation  system  applications  make  use  of  carrier 
amplifiers  because  of  their  unique  circuit  isolation  capability. 

Circuit  and  component  isolation  from  power  lines,  from  ground,  and  other 
system  components  afford  safety  and  noise  reduction  benefits.  A 
biomedical  application  is  described  in  Reference  2.  Reference  3 
describes  an  induction  carrier  system  which  provides  a  contactless 
rotary  coupling  between  a  sensor  on  a  rotating  device  and  the  stationary 
data  read-out  equipment. 

The  combination  of  a  VR  pressure  transducer  and  carrier  signal 
conditioner  has  several  practical  limitations.  They  are: 

-  Maximum  pressure  response  frequency  is  limited  by  center  plate 
resonant  frequency.  (The  enclosed  volume  is  usually  very  small.) 

-  Upper  data  frequencies  when  using  commonly  available  carrier 
signal  conditioners  are  limited  to  those  considerably  less  than  the 
carrier  center-frequency,  which  in  turn  must  be  kept  low  enough  to  avoid 
line  capacitance  and  transducer  eddy  current  problems. 

-  The  casual,  empirical  approach  to  system  configuration  and 
circuit  design  often  taken  by  transducer  and  signal  conditioner 
manufacturers . 

-  Channel  rigging  and  adjustment  difficulties  due  to  the  many 
signal  phase  and  amplitude  relationships  and  the  effects  of  transducer 
harmonics.  These  are  not  readily  overcome  by  the  average  instru¬ 
mentation  systems  technician  without  special  background  and  super¬ 
vision. 


-  Channel  checking  is  not  practical.  Any  electrical  circuit 
change  in  the  signal  conditioner  input  to  check  electrical  calibration 
must  simulate  the  exact  phase,  amplitude  and  harmonic  output  of  the 
transducer  under  pressure  load.  Therefore,  a  simple  channel  check  with 
an  inductive  transducer  may  be  misleading  except  as  a  test  for  gross 
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circuit  malfunction.  An  end-to-end  calibration  of  physical  input 
("measurand")  versus  electrical  output  is  necessary  to  assure  valid 
data. 

The  above  remarks  apply  specifically  to  data  channels  using  a 
carrier  amplifier  and  the  VR  transducer  of  the  type  shown  in  Figure  1, 
which  predominates  in  the  market.  This  transducer  design  is  referred  to 
in  Reference  4  as  the  "classical"  type  of  VR  pressure  transducer. 
Pressures  to  be  measured  are  applied  to  either  or  both  sides  of  the 
center  plate  (CP)  causing  complementary  changes  in  the  air  gaps,  and 
therefore,  in  the  Inductance  of  each  coil.  The  most  common  method  of 
obtaining  an  electrical  output  is  shown  conceptually. 

Pressure  transducers  using  an  aneroid  or  bourdon  tube  moving  a 
linear  variable  differential  transformer  (LVDT)  or  moving  armature 
differ  significantly  from  the  VR  transducer  with  respect  to  the  magnetic 
circuit  and  the  effects  of  mutual  inductance  and  eddy  currents.  They 
are  also  significantly  less  energy  efficient  than  the  classical  VR  type. 
Adjustments  normally  provided  on  carrier  signal  conditioners  are  usually 
adequate  to  accomnodate  all  types.  A  detailed  discussion  of  the 
principles  and  performance  of  VR  accelerometers  is  contained  in 
Reference  5,  and  an  analysis  of  the  external  armature  and  "E-Core" 
transducer  element  used  therein  is  given  in  Reference  6. 

The  inherent  advantages  of  the  classical  VR  pressure  transducer  are 
evidently  the  result  of  concentrating  both  the  pneumatic  process  energy 
and  circuit  electrical  energy  in  the  same  small  volume  at  the  airgaps, 
and  of  the  natural  synmetry  of  the  mechanical,  pneumatic,  magnetic,  and 
electrical  systems.  Unlike  capacitance  transducers  of  similar  geometry, 
they  are  not  sensitive  to  the  dielectric  constant  of  the  pneumatic 
medium,  which  may  be  affected  by  moisture,  chemical  composition,  or 
radioactivity.  Capacitance  transducers  require  special  design  of 
connecting  cables  due  to  capacitive  and  conductive  effects  on  the  low 
level  circuit.  These  do  not  seriously  affect  the  operation  of  a 


AFWAL-TR-82-21  00 


I  u_ 

>— i  >-  M 

C£  —I  U  X 

O  CL  Z 

I—  a:  uj 

o;  <  <  no 

UJ  _J  QM 

•—  _J  0£  UJ  I 
o£  i— ■  lu  a.  I— 
Q£  <_>  3C  u- 
C  oo  O 
<_>  O  a. 


CSJ 

r—  « /) 

•»-  u 
x  0 

— J 

<C  CL. 

CO  — s 

-a  z  — 

01 

r—  QJ 

<U  N.  « 

c 

fT3 

t/>  < u  0 

C  3 

O  =  un  -r- 

f—  -0 

O  </> 

—  30  0. 

•f-  c 

•f  t/j 

(Jr—  '  >1 

0  •*- 

4-»  OJ 

c  0  O  1— 

O  3 

a_  u 

UJ  — ' 

O  CL 

\, 


r-  CL 
-J 

O 

•*-  L. 

O  *— 

o  <c 


o 

H-  O 

z  o 

a  3  z:  f— 

U  L.  o  1 

•*-  -C  00  o 

i-  H-  UJO 

w  oc  un 

u  "3 

oj  qj  uj 

<—  aj  f—  « • 

u  u.  <C  ‘0*m* 


>  00  cn 

«  aa. 

H— 

1— 1  CM  O 
oo  O  O 
3E  •  O 

UJ  OA 
O0 


< 

oc  o  o 


Figure  1.  Operating  Principle  and  Typical  Circuitry  -  Variable 
Reluctance  Pressure  Transducer 
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properly  designed  VR  transducer  input  network.  Work  done  in  developing 
capacitance  transducers  is  relevant  to  this  study  because: 

-  The  merits  of  both  capacitance  and  VR  transducers  should  be 
compared  to  assure  that  further  in-depth  study  of  the  VR  type  is 
warranted. 

-  Mechanical  design  and  construction  problems,  especially  those 
concerning  stress  and  deflection  of  the  center  plate,  are  similar  and 
may  have  similar  solutions. 

-  Alternating  current  (AC)  electrical  circuit  techniques  developed 
for  capacitance  transducers  may  also  be  of  value  for  use  with  VR 
transducers . 

It  is  evident  from  its  construction  that  the  VR  transducer  is  by 
nature  a  differential  pressure  transducer,  although  a  wide  range  of 
absolute  types  are  commercially  available.  The  basic  design  is  well 
suited  to  measurement  of  low  or  medium  range  pressure  differentials  at 
high  line  pressures  such  as  are  encountered  in  venturi  and  orifice  plate 
pipe  flow  measurements  (“OP  Cells").  Their  ruggedness,  repairabil ity, 
and  electrical  noise  immunity  may  prove  invaluable  in  such  applications. 

The  "classical"  VR  transducer  which  is  the  subject  of  this  report  is 
described  in  a  patent  application  submitted  to  the  US  Patent  Office  by 
James  Clark  on  March  21,  1947,  and  titled  "Electromagnetic  Pressure 
Sensitive  Device."  The  patent,  number  2,581,359,  was  issued  on  January 
8,  1952.  James  Clark  was  in  the  employ  of  the  United  States  Government 
at  the  time  of  application  and  rights  to  manufacture  and  use  the  device 
were  assigned  to  the  Government. 

A  comprehensive  bibliography  on  the  subject  of  capacitive, 
reluctive,  and  other  "diaphragm"  type  pressure  transducers  appears  in 
NASA  Contractor  Report  NASA  CR-135282,  "Development  Of  A  High 
Temperature  Pressure  Transducer,"  by  R.  1.  Egger  of  Boeing  Aerospace 
Company,  and  is  dated  October  1977. 
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SECTION  II 

SIMPLIFIED  TRANSDUCTION  PRINCIPLE  OF  THE 
VARIABLE  RELUCTANCE  PRESSURE  TRANSDUCER 

A  mechanically  ideal,  electrically  linear  pressure  transducer  of  the 
self-generating  type  will  have  an  electrical  output  voltage  vQ=iv  pk 
where  pk  is  the  applied  pressure  and  n  is  the  sensitivity  constant  or 
voltage  calibration  in  volts  per  unit  of  pressure  (Figure  2a). 


a) 

vv  *  V  cos  u>  t 
XX  c 

Figure  2.  Basic  Transduction  Circuit  Equivalent 

In  the  case  of  the  VR  transducer  in  Figure  2b,  which  is  assumed  to  be 
magnetically,  mechanically,  and  electrically  ideal,  the  electrical 
output  cannot  be  obtained  directly  since  it  is  a  passive  network.  A 
source  of  AC  "excitation,"  vx  »  Vx  cos  w  t,  of  radian  frequency 

jc,  is  required.  The  electrical  output  may  then  be  obtained  by  a  simple 
application  of  Ohm's  law.  The  sign  convention  chosen  to  indicate  an 
increase  in  voltage  from  point  (8  -  C)  to  D  with  applied  pressure  is 
purely  arbitrary.  At  zero  applied  pressure,  the  inductances  and  I2 
are  both  equal  to  L,  and  the  current  in  the  circuit  iQ  is  iQ  *  ■'  11 

output  voltage  vQ  is  given  by 

\ 

vo  =  V ( B-C ) -D  *  VwcL  “  2 
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At  an  applied  pressure  pk  the  complementary  inductance  changes 
will  be  | AL|  •  The  current  in  the  circuit  is  now  ik. 

Vx  vx 

\  *  06j.L(L+dL)  +  U-AL)J  3  ZJaTL 
c  c 

as  before.  The  output  voltage  is  vk. 

Vk  3  ikjcac(L+AL)  -  ^  (l+£4  »  ^  (l+nPk) 

Thus,  the  factor  n  *  ^  t  pk  is  developed  which  relates 
electrical  inductance  change  to  applied  pressure.  In  some  cases  in 
physical  testing,  pk  may  contain  a  steady  state  component,  P$,  and  a 
fluctuating  component  of  frequency,  “p  having  a  peak  amplitude,  Pp  The 
pressure  data  then  has  the  form  p(t)  a  (P$  +  Pf  cos  <*yt).  The 
transducer  circuit  output  in  this  case  will  be 

vo(t)  *  v(8C)-0  *  r*  +  -jr-  (Ps  +  Pf  cos 
V  cos  <U  t 

* - ?p> —  (1  +  nP$  +  nPf  cos  coft) 


Note  that  u»c  and  uy  are  unrelated.  The  first  term  is  a  fixed 
electrical  circuit  residual  unrelated  to  pressure  which  may^  be  avoided 
by  taking  the  output  signal  from  a  point  (8-C)  to  a  point  -f  volts 
above  point  0  as  shown  in  Figure  3.  Although  this  circuit  has  the 
appearance  of  a  "bridge"  circuit  used  in  electrical  metrology,  it  is  not 

A 


0 

Figure  3.  8asic  Electrical  Circuit 
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strictly  so,  since  it  is  required  to  develop  the  useful  output  in  an 
unbalanced  condition.  The  same  result  may  be  accomplished  by  means  of 
a  center  tapped  supply  transformer ,  T-j  ,  in  Figure  1.  The  output  is  then 


nV  cos  b>  t 

VQ  s  - - -  {Pg  +  p^  co$  ^t)  _  ^  (p^  +  p^  cos 

(Instantaneous  Volts) 

This  form  is  comparable  to  the  basic  form  v^  =  np^,  but  the  voltage 
calibration  factor  contains  the  term  cos  u>ct.  It  is  the  only  signal 
fully  analogous  to  applied  pressure  and  only  this  expression  contains 
all  the  pressure  information  available  from  the  transducer.  The 
unavoidable  presence  of  the  cosu>ct  term  makes  it  difficult  to  interpret 
the  electrical  output  in  terms  of  the  original  physical  input.  The 
factor. ni»  for  a  VR  transducer  has  a  useful  meaning  only  when  the 
effects  of  signal  processing  are  quantified,  as  will  be  discussed  in 
Section  VIII. 

There  are  several  ways  of  processing  such  a  signal  to  increase  its 
usefulness  in  a  data  system,  all  having  distinct  disadvantages.  The 
choice  of  signal  processing  will  depend  on  the  method  of  data  recording 
and  processing  used.  An  elementary  signal  processor  for  a  VR 
transducer,  however,  consists  of  no  more  than  a  source  of  voltage  vx  = 

Vx  cos  <uct’  ca,^ea  the  "excitation"  or  "carrier"  voltage  supply,  and  if 
needed,  an  AC  amplifier  capable  of  passing  the  frequency,  y  and  any 
product  functions  of  the  form  cos  u^t'cos  a>ct.  All  other  elements  of 
commonly  used  carrier  signal  conditioners  are  traditional  rather  than 
functional . 
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SECTION  III 

AC  AMPLIFIER  DESIGN  PRACTICES  AID 
PERFORMANCE  CHARACTERISTICS 

AC  amplifiers  are  often  used  to  increase  the  output  signal  of  a  VR 
transducer.  Typical  amplitude  and  phase  output/input  relationships  of 
an  AC  coupled  amplifier  are  shown  in  Figure  4.  Such  amplifiers  are  used 
wherever  power,  voltage,  or 


FREQUENCY  -  HERTZ 

Figure  4.  Typical  AC  Amplifier  Characteristics 


current  gain,  h,  is  needed  within  a  given  range  of  frequencies  from 
to  f^,  not  including  zero  frequency  (DC).  The  complex  form  for  tne  gain 
which  combines  both  phase  4>  and  amplitude  is  so  that  02  =  /i . 
Typical  applications  for  AC  amplifiers  are  sound  and  vibration  measure¬ 
ments  with  microphones,  velocity  pick-ups,  or  accelerometers,  and  in 
wired  and  radio  communications.  In  sound  recording  and  reproduction, 
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amplifiers  having  a  ratio  of  fh  to  f1  of  10,000  (12  octaves)  at  high 
power  output  levels  are  common  at  competitive  consumer  prices.  The  loss 
of  gain  at  frequencies  below  f^  occurs  in  capacitance  coupled  amplifiers 
due  to  the  rise  in  series  reactance  of  coupling  capacitors  (lead 
networks).  In  transformer-coupled  amplifiers,  a  similar  loss  will  occur 
due  to  shunt  inductive  reactance  which  would  add  to  the  loss  from  series 
capacitors.  At  high  frequencies,  the  decrease  in  gain  in  both  types  is 
due  to  shunt  circuit  capacities  and  series  inductive  reactance  (lag 
networks)  in  components  and  wiring.  Unless  properly  designed,  a  high 
frequency  resonance  of  the  type  shown  at  (a)  accompanied  by  a  large 
overall  phase  shift  may  occur  in  amplifiers  using  inductors  or 
transformers,  and  a  lowering  of  f-j  may  occur  as  a  result  of  leakage 
reactance  and  eddy  current  losses  in  these  iron  core  components. 
(Reference  7,  Chapter  XVIII,  and  Reference  8,  Chapter  11.) 

In  audio  and  communications  work,  it  is  customary  to  specify  and 
f^  as  those  frequencies  at  which  the  relative  gain  must  be  within  41 
percent  (+  3db)  of  the  gain  at  mid-frequencies.  In  instrumentation 
work,  a  gain  variation  or  uncertainty  of  more  than  0.1  percent  is 
sometimes  excessive.  The  design  effort  and  construction  cost  for  AC 
amplifiers  results  from  the  need  in  a  particular  application  for;  a) 
high  gain,  b)  high  parameter  stability,  c)  low  noise,  d)  high  power 
output,  e)  high  power  efficiency,  f)  uniform  output  or  gain  over  a  wide 
range  of  frequencies,  or  any  combination  of  those  qualities.  Unlike  DC 
amplifiers,  considerable  variations  in  circuit  DC  operating  points,  gain 
and  phase  shift  within  stages  may  be  tolerated  while  maintaining  overall 
AC  performance,  particularly  AC  gain  stability.  This  capability  is  used 
to  advantage  in  the  design  of  precision  DC  amplifiers  by  using  a  chopper 
and  AC  amplifier  to  stabilize  or  regulate  forward  gain  or  feedback  in 
the  overall  DC  signal  path.  (Reference  9.) 

AC  amplifiers  for  use  with  VR  or  other  AC  transducers  normally  need 
only  meet  modest  bandwidth  and  gain  requirements ,  and  the  necessary  gain 
and  phase  stability  is  easily  achieved.  The  DC  power  supply  voltage 
regulation  requirements  are  much  less  stringent  than  for  DC  amplifiers. 
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The  bandwidth  requirements  for  the  circuitry  in  the  signal  path  in  a 
carrier  signal  conditioner  are  directly  dependent  on  the  frequency 
content  of  the  physical  data.  Where  the  carrier  center  frequency,  w 
is  much  greater  than  the  highest  signal  frequency,  (uip), 
tuned  amplifiers  may  be  used  to  advantage,  as  is  done  in  AM  radio 
receivers.  The  400  kilohertz  carrier  amplifier  reported  upon  in 
Reference  10  was  a  narrow  band-pass  tuned  amplifier. 

•  The  gain  of  any  amplifier  used  in  signal  conditioners  for  pressure 
transducers  is  selected  to  provide  a  convenient  scaling  of  the  processed 
output  signal  with  respect  to  the  pressure  input  magnitude.  The  overall 
system  scale  factor  depends  on  the  transducer  calibration  factor,  n,, 
and  on  the  processing  principles  and  circuitry  used  to  develop  the 
output  signal.  The  voltage  gain  of  the  signal  electronics  is  often 
made  adjustable  for  operating  convenience.  The  overall  input-output 
relationship  is  also  affected  by  design  choices  of  input  and  output 
transformer  ratios  and  calibration  (gain  trim)  potentiometer  settings. 

To  simplify  all  subsequent  discussion,  all  such  factors  will  be  combined 
to  give  a  single  gain  factor,  ng-  Where  ng  is  not  mentioned,  it  will  be 
assumed  to  be  a  scalar  quantity  equal  to  unity  and  4>  will  be  assumed  to 
be  zero;  that  is,  Ho/Q°  *  1. 
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SECTION  IV 

SIGNAL  PROCESSING  TECHNIQUES 

In  the  following  discussion  of  signal  processing  techniques,  the 
following  assumptions  are  held: 

-  The  selection  of  a  VR  transducer  has  been  made  after  a 
determination  that  its  response  time  and  that  of  the  connecting 
tubulation  is  low  enough  to  provide  the  desired  measurement  accuracy.^ 

-  A  processed  output  signal  is  required  which  is  both  a  true  analog 
of  physical  input  ("measurand")  within  the  desired  accuracy  and  has  a 
voltage  or  current  level  suitable  for  subsequent  processing  along  with 
other  data  signals. 

-  The  nature  of  the  processor  block,  shown  conceptually  in  Figure  5 
as  having  a  transfer  function, nj*  is  that  which  is  to  be  determined. 

-  Since  only  the  performance  of  the  pressure  transducer  and  signal 
conditioner  sub-system  is  being  considered,  a  worst-case  situation  will 
be  imposed  on  these  elements  by  assuming  zero  tubulation  lag. 

In  Figure  5,  a  generalized  pressure  input  signal  in  the  frequency 
domain  is  assumed.  It  has  a  steady  state  component,  P  and  a 
fluctuating  component,  Pf,  of  frequency  uy,  which  is  the  highest  data 
frequency  of  interest.  A  comparison  of  the  processing  of  the  electrical 
signal  from  an  ideal  DC  transducer  and  from  an  ideal  AC  transducer  is 
illustrated  in  this  figure.  The  AC  signal  conditioner  case,  (b), 
differs  from  both  the  DC  data  channel  (a)  and  the  amplitude  modulated 
(AM)  radio  transmitter  broadcasting  a  sound  signal  (c)  in  that  the 


1.  Data  on  lag  time  of  a  hypothetical  typical  tubulation  system  is 
presented  in  Appendix  B. 
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signal  available  from  an  AC  powered  transducer  is  not  a  true  analog  of 
pressure. ^  It  also  differs  from  the  wireless  transmission  case  in 
that  there  is  no  signal  information  rate  versus  bandwidth  trade-off 
necessary,  since  signals  are  relatively  large  and  effects  of  external 
interference  are  less.  A  second  wire  for  the  voltage  VM  coswct  is 
provided  to  maintain  phase  coherence.  No  frequency  translation  takes 
place  in  case  (a). 

A  steady-state  component  in  the  data  signal  in  either  case  (a)  or 
(b)  in  Figure  5  can  arise  from  four  sources: 

a.  A  steady-state  component,  P$,  in  the  pressure,  which  is  defined 
in  Appendix  A; 

b.  An  electrical  or  structural  asymmetry  in  the  transducer; 

c  An  intentional  or  unintentional  residual  signal  due  to  the 
transducer  network  (signal  pre-conditioner)  used,  or  to  the  adjustments 
made  on  this  circuit;  or,  in  case  (b)  only, 

d.  The  intentional  addition  of  a  "carrier"  voltage,  cosw  t  to 
the  data  sidebar  for  the  purpose  of  creating  a  true  AM  signal,  thereby 
simplifying  the  de-modulation  processor  circuitry.  AM  signals  such  as 
the  illustration  in  Figure  5  (c)  contain  a  large  carrier  component  by 
definition. 

The  input  circuit  and  adjustment  procedures  must  facilitate  a 
careful  accounting  of  the  phase  and  amplitude  of  all  sources  of  steady- 
state  signal  components  to  assure  that  no  adverse  effects  on  steady- 
state  precision  of  the  pressure  data  occur. 


2.  It  is  common  practice  to  refer  to  the  effects  of  the  VR  transducer 
on  the  excitation  power,  Vx,  as  modulation.  This  is  not  strictly  true. 

The  creation  of  a  signal  of  the  form  cos^t arises  solely  and  unavoidably 

from  the  mechanical  and  electrical  nature  of  the  transducer  and  not  as  a 
result  of  circuits  or  devices  employed  specifically  to  multiply  two 
electrical  signals,  such  as  all  electrical  "modulator"  circuits  used  in 
communications  equipment,  or  electromechanical  or  electro-optical 
"choppers"  used  in  instrumentation  equipment. 
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Pressure  Input  functions  likely  to  be  encountered  arise  from  a 
variety  of  test  situations,  some  of  which  are  illustrated  in  Figure  6. 
The  generalized  frequency  domain  signal  of  the  form  C(P$  +  P^  cos^t) 
might  be  generated  in  the  example  shown  as  Case  4.  Although  the  form  of 
this  signal  is  comnon  in  analog  electronic  equipment  technology,  such  an 
idealized  periodic  function  is  rarely  encountered  in  the  form  of  a 
pressure  in  real  life  test  situations.  The  unusual,  specialized 
aerodynamic  study  test  programs  described  in  References  11  and  12  are 
available  as  examples  of  this  exceptional  case.  However.  The  generation 
of  variable  frequency  pressure  "signals"  of  known  amplitudes  for  direct 
calibration  of  pressure  data  channels  is  an  interesting  technical 
problem.  It  has  been  the  subject  of  much  specialized  study  and 
experimental  work,  most  notably  that  reported  upon  by  the  National 
Bureau  of  Standards  and  NASA.  These  methods  are  applicable  to  systems 
using  transducers  having  well-known,  standardized  characteristics  such 
as  strain  gage  and  piezoelectric  types.  The  procedures  for  making  such 
response  calibrations,  often  called  "dynamic"  calibrations,  are  listed 
in  Reference  13  and  discussed  in  more  detail  in  Section  XI.  They  would 
be  applicable  to  VR  transducer/carrier  amplifier  pressure  data  channels 
only  after  the  complete  steady  state  signal  generating  and  processing 
mechanism  has  been  fully  described.  Response  tests  on  pneumatic  systems 
are  usually  performed  in  the  time  domain  using  pressure  ramps  or  steps. 

A  quasi  steady  state  pressure-time  function  such  as  is  illustrated 
in  Figure  6,  Case  I,  is  typical  of  those  likely  to  be  encountered  as  a 
practical  test  problem.  The  rise  time  (ramp  rate)  normally  depends  on 
the  physical  constants  of  the  plant  process,  test  facility  or  tast 
article.  Choosing  some  reasonable  values  of  ramp  rate  and  dwell  time 
gives  the  time  function  shown  in  Figure  7.  The  frequency  content  of  a 

single  occurrence  of  this  time  function,  p  (t),  is  given  by  the  Fourier 

(3) 

transform  of  the  function.'  ' 


3.  A  closing  technique  for  analyzing  functions  which  do  not  return  to 
the  origin  is  described  in  Reference  5. 
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8y  its  definition,  the  Fourier  transform  of  this  function  is: 


t=-5 


F[p(t)]  =  P<a*) 
t=+5 


t=+7 


P(aj)  =  j (•^■)exp(-jut)dt+Jl -exp(-jait)dt+^(^-)exp(-ja)t)dt 


t=-7 


t— 5 


t=+5 


*  CJs{exp(5juj)+exp(-5juJ)  )-ij(exp(7jw)+exp(-7jw) )] 

j  O) 


,•2, 


Using  the  Euler  identities  and  noting  that  j  --1,  the  result,  in 

trigonometric  functions,  is 

n/  \  _  / cos5o)-cos 7oj ^  j  n 

P\a>)  -  \ - s - }  ,  to  F  U 


0) 


In  Figure  7,  the  amplitude  coefficients  for  the  series  form  for  the 
periodic  case  in  which  this  same  time  function  repeats  every  100  seconds 
are  also  plotted  for  comparison.  After  normalizing  amplitudes,  the 
values  for  both  cases  lie  within  the  same  "envelope**;  that  is,  they  have 
the  same  least  upper  bound  and  greatest  lower  bound.  This  spectrum 
contains  little  energy  above  several  Hertz.  Even  assuming  the  sharp- 
cornered  pressure  function  is  physically  possible  and  further  assuming 
there  is  no  frequency  discrimination  in  the  pneumatic  system,  the 
amplitude  of  this  hypothetical  pressure  "signal"  applied  to  the  VR 
transducer  center  plate  at  about  1.8  Hertz  will  be  less  than  0.1  percent 
of  the  limit  value  as  oj  approaches  zero.  This  limit  value  is  for  all 
practical  purposes  the  "DC"  component  amplitude.  The  electrical  output 
from  the  VR  transducer  in  response  to  this  pressure  signal  will  be 


n-[P(t)  »  -2~p(t)cosuct=p(t)-p  •  J5[exp(jwct)+exp(-jujct)] 


The  frequency  spectrum  of  the  corresponding  product  function  can  be 
obtained  directly  as  before. 


1  = 


oVx  C0S5(w+w  )-C0S7(u+ur)  C0S5(w-'.ur)-C0S7(u>-wr) 


r 
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Using  the  discrete  form  describing  the  case  where  the  event  recurs  every 
100  seconds,  p(t)  is  given  by  the  series 


P(t) 


in  2 

+  E  Js(— )^[cos(  .10)nn  -  cos( .14)im]cos  n(.Q628)t 

n*1  *n 


-  0.12  +  .2343  cos(.0628)t  +  .2173  cos(.1256)t  +  .1909  cos(.1884)t+ 


The  product  function,  p(t)coso>ct,  may  be  found  by  multiplying  each  term  of 
the  series  for  p(t)  by  cosw.t  and  reducing  the  compound  terms  by  means 
of  these  trigonometric  identities. 

sin  u.cos  v  *  sin(u+v)  +  %  sin(u-v) 

cos  u»cos  v  *  %  cos(u+v)  +  %  cos(u-v) 

sin  u»sin  v  *  %  cos(u-v)  -  %  cos(u+v) 

sin(-u)  *  -sin(u) 

For  example,  the  first  few  terms  are 

p (t) cosu  t  =  .12cosu  t  +  .2343cos( .0628) t'cosu  t 
*■  c  c  c 

+  .2173ccs(.1256) fcosu  t  +  .1909cos ( .1884) fcosw  t  + 

C  C 

*  .12  cosu  t  +  — [cos (a,  -.0628) t  +  cos(w  +.0628)t]  + 
c  »  c  c 

sQp-  [cos (u.-.  1256) t  +  cos  (uc+.  1256) t]  + 

[cos Uc- .  1884) t  +  cos(iuc+.1884)t]  +  - 

Therefore,  at  and  w*-wc,  maxima  of  two  electrical  signals  of 
magnitude  -^_x  times  tne  original  pressure  input  of  unit  amplitude  will 
appear  at  the  output  of  the  transducer,  as  shown  in  Figure  3,  while 
there  will  be  no  electrical  output  at  or  near  j*0,  the  location  of  the 
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pressure  function.  This  is  true  of  all  AC  excited  passive  transducers 
(VR,  capacitive,  LVOT,  and  strain  gage).  The  original  identity  of  the 

signal  will  be  irreversibly  altered  when  because  product  terms  of 

2  c 

the  form  w  ,  u>  2w  ,  and  so  on,  will  be  formed.  That  part  of  the 

signal  energy  will  be  transformed  into  a  w»0,  or  “DC",  component.  A 
similar  identity  change  will  occur  when  “><uc*  This  is  called  frequency 
folding  and  is  the  same  as  the  aliasing  problem  in  sampled  data  systems. 
Choosing  w.  to  be  several  times  as  large  as  the  highest  frequency  in  the 
pressure  signal  is  not  done  simply  to  avoid  complications  in  data 
processing,  however.  In  the  design  and  construction  of  VR  pressure 
transducers,  the  internal  pneumatic  volume,  center  plate  resonant 
frequency  and  magnetic  properties  combine  to  impose  a  practical  upper 
limit  on  useful  response  to  the  pneumatic  input.  However,  this  method 
of  determining  the  effective  maximum  frequency  present  in  the  pressure 
data  will  indicate  the  high  frequency  response  required  of  the 
transducer  and  signal  conditioner. 

Figure  8  illustrates  the  process  of  artificially  creating  an 
electrical  output  signal,  r,  which  is  an  approximate  analog  of  the 
original  pressure  input,  p,  making  use  of  the  natural  band-limiting 
characteristics  of  the  VR  transducer  pneumatic  and  mechanical  system  to 
justify  discarding  the  higher  frequency  products.  Some  ways  of 
implementing  this  process  are  illustrated  in  Figure  9.  Multiplying  the 
periodic  function,  f^(t),  by  another,  f2(t),  of  the  same  frequency,  u>c, 
will  result  in  terms,  cos^  <*>  t,  which  have  a  useful  data  frequency 
component;  that  is,  one  centered  about  0.  This  is  also  true  of  the 
process  illustrated  in  Figure  9-b,  where  fj_(t)  is  subjected  to 

a  nonlinear  element.  The  output/ input  characteristic  of  a  nonlinear 

2  3 

element  is  a  power  series  of  the  form  a  +  bx  +  cx  +  dx  +  - 

(Reference  14,  Page  161)  Small  signal  operation  of  semiconductu.  and 
vacuum  tube  diodes  approximates  this  characteristic.  The  signal  might 
be  sampled  synchronously  at  non-zero  points,  as  shown  in  Figure  9-a(4). 
The  most  simple  operation  from  a  formal  mathematics  standpoint  would  be 
multiplying  the  signal  function,  f ^ ( t )*  by  another  cosine  function, 
f2  (t)  «  cos  <*>ct,  giving  f1(t).f2(t)  »  Discarding  the 

double  frequency  term  by  means  of  a  filter  will  yield  the  desired  analog 
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r(t)  *  f^t) 

jV  1 

^(t)-  f2(t) 

-T  eT 

r(t)=a+bf]  (t)  +  ct^  (t)]  + 
dCf-|  (tj]3  +  eCf^t)]4. 


B  NON-LINEAR  ELEMENT 


^(0  =  *  Lcos  tiic t  -  1/3  cos  3oi  t  +  1/5  cos5wct- . . .] 
-4  ®  f-llm 

=  7m£l[2i7i]  cos(2m-l)«ct 


f2(t)  *  ~|  ^S1n  “c1  "  ]/32  sin  3  “c1  +  ]/52  sin  5  V 


_Q  00 

~  ~2  1  - sin  (2m-l  )m_ t 

*  m»l  [2m-l]2  c 


3)  GENERAL  CASE 


^(t)  *  Tq  +  r1  cos  «ct  +  r2Cos2a)ct  +  r^cosSu^t  +  r^cos  4wct  +  ... 
+  rjsiruoct  +  r'2  sin  2u>ct  +  sin  3o>c t  +  sin  4wct  +  ... 


4)  SYNCHRONOUS  SAMPLING 
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fi  (t)"5T(t)=r(t)*i_(t) 
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Figure  9.  Signal  Processing  Principles 
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approximation  of  p(t).  The  underlying  principle  is  referred  to  in 
communications  systems  as  frequency  translation  or  amplitude  modulation. 
The  process  may  be  defined  concisely  in  the  frequency  domain  in  terms  of 
Fourier  transforms. 

FCfjUi'fgU)]  *  F[fj (t)  COS  «ct]  =  JsCF^oj  +  0JC)  +  F-j (m  -  U(.)] 

The  function  F^  is  the  frequency  domain  transform  of  the  time  function 
f,(t).  The  case  of  a  square  wave  (a  zero  centered  gate  function)  for 
f 2 { t )  is  of  particular  interest  because  of  the  availability  of  the 
simple  circuit  shown  in  Figure  10.  It  has  been  widely  used  because  it 
does  not  require  costly  precision  linear  components  to  provide  the  same 
result  as  a  precision  analog  multiplier  circuit.  This  circuit,  used  in 
communications  equipment,  is  called  a  diode  ring  or  phase  sensitive 
modulator  (or  demodulator).  Highly  reliable,  high  performance  carrier 
signal  conditioners  use  this  circuit,  or  minor  variations  such  as  are 
described  in  Reference  15.  The  voltage  function,  r^Vj,  in  Figure  10  is 
the  instantaneous  value  of  the  signal,  such  as  one  generated  by  a  VR 
pressure  transducer  in  response  to  a  steady  state  pressure  input,  after 
amplification  by  the  factor  r^.  As  in  normal  practice,  the  reference 
voltage,  VR,  corresponding  to  f2(t),  and  the  signal  voltage,  have 

been  adjusted  so  that  their  zero  crossings  coincide.  The  semiconductor 
diodes  are  assumed  to  be  perfect  switches,  a  condition  which  is  closely 
approximated  when  the  amplitude  of  VR  is  very  large.  This  amplitude 
condition  is  also  required  to  prevent  the  output  signal  from  reversing 
polarity  when  the  transducer  output  signal,  Vs,  becomes  very  large.  The 
use  of  relatively  large  values  of  VR  also  will  overcome  (swamp)  che 
fixed  forward  voltage  drop  in  semiconductors,  which  is  about  0.25  volts 
for  germanium  and  0.6  volts  for  silicon.  Although  the  only  electrical 
process  occurring  is  that  of  the  addition  of  sinusoidal  currents,  the 
switch  action  of  the  diodes  creates  a  net  effect  of  multiplying  the 
signal  the  scluare  wave  °f  frequency,  ,  having  an  amplitude 

of  +  2  units,  assuming  the  arbitrary  constants  shown. 

A  practical  circuit  so  constructed  would  also  contain  large 
currents  in  the  direct  path  through  the  transformers,  and  T4,  and 
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either  pair  of  diodes.  They  have  not  been  shown  graphically  to  simplify 
the  exposition.  These  currents  average  to  zero  over  the  period  0-2*  in 
the  load  R^,  and  therefore,  the  assumption  of  a  value  of  exactly  ten 
times  that  of  r>2vs (maix )  is  not  cnt1cal  t0  the  argument.  These  currents 
are  of  concern  only  as  they  affect  diode  and  transformer  operation.  In 
practice,  a  current  limiting  resistor  is  placed  in  series  with  each 
diode.  The  power  losses  thus  caused  are  easily  supplied  by  increasing 
the  power  gain  of  the  AC  electronics  driving  the  transformers.  If  this 
is  done,  however,  the  circuit  will  become  more  sensitive  to  random 
temperature  induced  changes  in  the  volt- ampere  characteristics  and 
junction  capacitance  effects  in  the  diodes.  Since  the  output  is  the 
small  difference  of  two  large  currents,  these  changes  can  seriously 
limit  circuit  performance.  For  this  reason,  the  Schottky  barrier  or 
majority  carrier  diode.  References  16  and  17,  is  well  suited  to  this 
application  because  of  the  absence  of  effects  on  forward  voltage  drop, 
reverse  current  leakage,  and  charge  storage  caused  by  minority  (slow) 
carrier  activity.  These  effects,  present  in  junction  diodes  and  bipolar 
transistors,  are  temperature  dependent  and  highly  variable  with  time  and 
from  unit  to  unit.  This  same  freedom  from  minority  carrier  activity  is 
also  possessed  by  field-effect  transistors,  which  are  often  used  in 
complementary  pairs  in  a  three- terminal  function  multiplier  demodulator 
circuit  (Reference  13).  The  effective  output  impedance  of  this  circuit 
is  equal  to  the  value  of  each  current  limiting  resistance.  A  bi-polar 
transistor  circuit  also  used  in  commercially  manufactured  equipment  is 
described  in  Reference  17,  Section  17-16.  Such  circuits  perform  the 
same  mathematical  operation  as  that  of  Figure  10. 

A  feature  of  the  transformer -driven  ring  modulator  circuit  which  has 
great  practical  value  is  its  ability  to  isolate  (insulate  completely) 
the  two  output  terminals  from  all  other  system  connections,  eliminating 
or  simplifying  all  electrical  noise  and  system  safety  problems.  The 
electrical  noise  immunity  of  a  "carrier"  data  channel  is  due  both  to  the 
circuit  configuration  and  to  the  frequency  spectra  involved.  Undesirable 
electrical  disturbances  not  related  to  transducer  input,  commonly 
referred  to  as  "noise,"  usually  originate  in  utility  power  systems  and 
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are  introduced  into  the  input  of  a  signal  conditioner,  adding  to  the 
transducer  output  by  two  means.  Normal  mode  signals  appear  as  a  voltage 
across  the  two  input  terminals  of  the  signal  conditioner  in  addition  to 
the  data  signal  from  the  transducer.  Common  mode  signals  appear  as 
voltages  between  both  input  terminals  and  circuit  common  or  electrical 
ground,  ultimately  developing  within  the  signal  conditioner  circuitry  as 
a  normal  mode  signal,  with  a  similar  undesirable  result.  For  a  complete 
treatment  of  this  subject,  see  References  19  and  20. 

A  "carrier"  data  channel  of  the  type  shown  in  Figure  5(b)  is  much 
less  susceptible  to  normal  mode  "noise"  than  the  OC  system  of  Figure 
5(a)  for  three  reasons:  1)  Spectrum  Separation:  The  fundamental  and 
dominant  harmonics  of  commonly  used  utility  power  system  frequencies  of 
25,  50,  60,  and  400  hertz  normally  lie  outside  the  pass  band  of  the 
signal  circuitry  designed  to  pass  (Figure  4).  "Noise"  signals  of 
these  frequencies  picked  up  in  cables  and  components  will  be  greatly 
reduced  in  amplitude.  Thermo-emfs  and  other  low  frequency  spurious 
signals  are  completely  removed.  2)  Connecting  Cable  Circuit:  A  natural 
characteristic  of  VR  transducers  is  the  manufacturability  of  medium 
impedance  (100  to  1000  ohms)  devices.  This  means  that  neither  magnetic 
nor  electrostatic  field  pickup  will  be  significant  using  ordinary  cable 
and  connectors,  even  if  the  line  lengths  are  great  (up  to  3  miles). 

This  is  a  designed-in  feature  of  telephone  lines  (600  ohms)  and  of 
extremely  low-level  microphone  circuits  (200  ohms)  used  in  sound 
recording  and  broadcasting.  A  dominant  characteristic  of  these  systems 
is  that  power  system  frequencies  and  their  harmonics  do  lie  within  the 
pass  band  of  the  equipment  and  would  be  very  evident  and  objectionable 
were  it  not  for  the  effectiveness  of  this  circuit  technique.  3)  Useful 
signal  levels  from  most  AC  transducers  are  usually  much  higher  than 
other  types,  such  as  strain  gages. 

These  advantages  are  inherent  in  the  VR  transducer/carrier  amplifier 
method,  and  accrue  even  when  least-effort  equipment  designs  are  used. 
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Common  mode  noise  reduction  capabilities  of  this  method  may  be 
enhanced  by  using  low  cost  transformers  to  isolate  all  input  terminals 
of  the  signal  conditioner  from  utility  ground,  and  also  to  isolate  the 
output  of  the  signal  conditioner  from  grounds  in  both  the  transducer 
lines  and  the  electronics  power  supplies.  All  outputs  in  a  multi¬ 
channel  system  may  be  isolated  from  each  other  as  well  as  from 
instrument  system  and  utility  grounds,  so  any  kind  of  down-channel  data 
acquisition  or  signal  monitoring  device  can  be  connected  without 
creating  ground  loops.  The  use  of  frequency  translation  to  create  a 
convenient  signal  shifted  downward  to  the  original  spectrum  location  of 
the  pressure  input  (called  “baseband"  in  communications  work)  will  at 
the  same  time  translate  the  small  amount  of  “noise"  not  removed  by  the 
amplifier  upward  to  <»>  3  +  w  where  it  can  easily  be  removed  with  other 
non-data  products. 

The  functional  block  in  Figure  5(b)  labeled  "Post  Processor,"  is  in 
reality  a  low-pass  filter.  Its  function  can  be  viewed  in  a  number  of 
ways,  all  of  which  are  pertinent  and  accurate.  It  may  be  described  as: 

a)  An  interpolator  which  fills  in  missing  values  of  periodically 
interrupted  data, 

b)  A  separator  of  spectrum  components, 

c)  An  eliminator  of  objectionable  "hash"  or  "ripple"  in  the 
reconstructed  data  signal, 

d)  A  corrector  of  errors  produced  in  the  frequency  translation 
process,  as  illustrated  in  Figure  8. 

This  filter  will  obviously  restrict  the  throughput  frequency 
response  of  the  transducer-signal  conditioner  channel.  The  best  that 
can  be  achieved  is  an  effective  compromise  of  "smoothing"  the  signal  and 
preserving  the  high  frequency  data.  This  requires  a  careful  trade-off 
and  sometimes  results  in  very  elaborate  filter  designs.  Filter 
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requirements  are  dictated  by  the  characteristics  of  the  readout  or  data 
acquisition  devices  which  must  be  accommodated  as  down-channel 
destinations  of  the  signal.  These  are  listed  in  Table  1.  Since  the 
design  of  the  anti-aliasing  filters  in  sampled  data  systems  is  very 
critical,  they  may  serve  to  alleviate  the  signal  conditioner  output 
filter  problem. 

The  design  of  output  filters  is  dictated  by  the  amplitudes  and 
frequencies  of  the  frequency  translation  by-products,  such  as  the  term 
l/2nn2P(t)*VMcos2u)ct  resulting  from  the  use  of  a  cosine  function  for  the 
multiplier,  f2(t).  When  f2(t)  is  one  of  the  periodic  waves  of  the  kind 
shown  in  Figure  9  and  when  the  pressure  signal  pis  a  constant,  P  the 
overall  output/input^relationship  can  be  determined  by  multiplying  the 
signal  (nn2Pscoswct.-|)  term-by-term  by  the  series  form  of  f2(t).  To  be 
general,  it  is  assumed  that  the  zero  crossings  of  f^(t)  and  f2(t)  do  not 
coincide,  in  which  case  a  definite  time  reference  must  be  adopted.  This 
is  done  by  using  the  two-phase  (orthogonal  component)  form  for  fj_(t)  and 
f2(t).  Then,  f2(t)  will  be 

f2(t)  =  r-|Coswct  +  r3cos3wct  +  r5Cos5wct  +  r7cos7uct  +  ....  + 

r'1sina)ct  +  r'3sin3uct  +  r^sinSu^t  +  r'7sinwct  +  -  + 


In  this  case,  the  product  will  be 


nn2VxPs, 


r!*r3  r3+r5 

cos2wct  + 


C0S4iuct  + 


1  5+‘  7 
2 


cos6wct  + 


r  •  i +r  •  -a  r-3+r.c  F'c+r1?  . 

+  - g — “  sin2wct  +  - ^ — “  sin4wct  +  - 2 -  sin6ojct  + 

The  "phase  angle"  3  between  the  signal  f^  and  the  fundamental  component 

of  f2  is  given  by 


COS  0 


[r^+Cr1 1  )2] 


In  practice,  circuit  adjustments  are  provided  to  produce  the  condition 
cos  2 *1  for  optimum  operation  of  circuits  such  as  in  Figure  10.  A 
discussion  of  such  signal  phasor  adjustments  in  equipment  is  presented 
in  Section  VIII. 
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TABLE  1 

REQUIREMENTS  FOR  OUTPUT  FILTERING  - 
FREQUENCY  TRANSLATING  SIGNAL  CONDITIONERS 


READOUT  DEVICE 
Analog  Panel  Meter 
Digital  Panel  Meter 
DC  Servo  Motor 
Oscillograph  Galvo 
Analog  Tape 
Oscilloscope 
Digital  Data  Acq  Sys. 


DEVICE 

FREQ.  RESPONSE 
<1.0  Hz 
<5.0  Hz 
<100  Hz 
Band  Limiting 
Band  Limiting 
Wide  Band 
Band  Limiting 


FILTER  REQUIREMENT 
(None  Required) 

Probably  <10  Hz 
Compensation  Network 
Varies^ 

Severe  -Requires  Study 
Severe ^ 

Use  Anti-Aliasing  Filter 
(See  Text) 


characteristics  of  galvanometer  assist  in  filtering, 
(z)  when  used  as  a  data  display,  not  for  circuit  diagnostics. 
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The  output  of  the  multiplier  (modulator)  when  the  pressure 
“transient"  of  Figure  7  is  applied  to  the  transducer  is  defined  by  the 
result  of  term-by-term  multiplication  of  the  product  signal,  njp(t)cos<u  t,  in 
its  series  form  in  the  time  domain  with  the  series  form  of  the  function 
^2 ( t ) -  Reduction  to  first  power  sine  and  cosine  terms  is  accomplished 
by  the  use  of  the  trigonometric  identities  as  before.  The  complete 
expression  for  the  processed  or  “recovered''  signal  r(t)  is 

nnonoVv 

r(t)  =  n1n2n3p(t)  =  - 2 - p(t)cosa»ct 

*  ^[0.12+EAncos  n(  .0628)t]cosujct-2(rmcos  njwct+rm'sin  mwct) 
n=l  m=l 


The  m-term  series  is  therefore  the  desired  operator  n2  in  this 
example.  The  pressure  signal  amplitude  coefficients^,  are  calculated 
as  shown  in  Figure  7.  When  f2(t)  is  a  square  wave  of  frequency,  wc,  and 
is  adjusted  so  that  the  zero  crossings  coincide  with  those  of  the  cosine 
ojct  term,  the  quadrature  terms,  rm'  sin  m^t,  become  zero  and  the 
expression  is  simplified.  The  form  of  r(t)  then  becomes  as  shown  in 
Table  2,  in  which  several  typical  computations  are  also  displayed. 

Even  in  this  specific  case,  a  large  number  of  product  terms  is 
generated.  Fortunately,  those  which  contribute  to  the  reconstruction  of 
a  signal  which  is  a  recognizable  analog  of  the  original  pressure 
function  are  relatively  easy  to  identify,  since  they  will  not  contain 
sine  or  cosine  functions  of  frequency  or  its  integral  multiples. 

The  foregoing  principles  apply  to  all  the  commonly  used 
“demodulator"  circuits  and  form  the  basis  for  a  large  number  of  signal 
conditioner  designs.  This  equipment  may  be  designed  for  a  wide  variety 
of  specific  applications  and  known  by  a  variety  of  names,  some  of  which 
are  either  misleading  or  not  definitive.  Such  equipment  may  be  termed 
carrier  amplifiers,  carrier  indicators,  transducer  demodulators,  carrier 
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TABLE  2 

TOTAL  SYSTEM  OUTPUT  —  FREQUENCY  TRANSLATED 
VARIABLE  RELUCTANCE  PRESSURE  TRANSDUCER  SIGNAL 
r(t)  =  OUTPUT  (VOLTS)  = 


™2  Vx 


|[0-12  +  n|-|  Ancos  n  (0.628)t]  *cos  "  (Srj)  cos(2m-l  )U(;t]| 

' .  m»l  v  ) 


ELECTRICAL  APPLIED  PRESSURE 

SCALING  "TRANSIENT"  (FIG  7) 


"CARRIER"  (DE)  MODULATOR  FUNCTION 
FUNCTION  n3  FIGURE  10) 


VOLTS 

TiTT^ 


(KILO) PASCAL 


100  /COs(  .1  )irn-COS(  .14)irn'i 

An  2  2 

2ir  n 


DIMENSIONLESS' 


TYPICAL  TERMS: 
nal ,  m*l 


j.24  +  -II  cos  (.o63)  t  +  cosEu^t  +  [co$(2w  +  .063)t+cos(2w„  -  -063)t]f 

Ijir  ^irCir  c  c  ) 


■DATA"  TERM 


n=2,  m»l 


— cos(.126)t  +  [cos(2uc  +  .126)t  +  cos(2U(;- .1 26)t]  • 


"DATA"  TERM 


n»2,  m*3 


24  217 

T—  (cos  6u)  t  +  cos4<o  t)  +  '—w-  [cos(5(a>,.  +  .126)t  +  cos  (6w  -.126)t  +  , 

D1T  C  C  01T  C  C 


cos(4w  + .  I26)t  +  cos  l4u  -  .126)t] 


n»l  ,  ma4 


(cos8ojct  +  cos  gw  t)  +  [cos(8uct  +  . 063 ) t  +  cos  (8wc- .  063)  t 

cos  (6w  +  . 063 ) t  +  cos(6wc  -  . 063 ) t ] 
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demodulators,  strain  indicators'*,  strain  amplifiers,  LVDT  indicators, 
and  others.  All  such  devices  belong  to  a  general  class  which  can  be 
definitively  termed  "frequency  translating  signal  conditioners"  (FTSC). 
The  output  of  such  signal  conditioners  will  be  termed  "frequency 
translated  output"  (FTO),  often  erroneously  termed  "DC"  output.  The 
expression  for  the  instantaneous  value  of  this  output  will  be  designated 
as  r(t)  when  resulting  from  generalized  nonstationary  pressures,  and  by 
rk  when  due  to  a  steady  state  pressure  input,  P^,  applied  to  the 
transducer. 

The  requirements  for  output  filters,  as  outlined  in  Table  1,  arise 
only  out  of  the  desirability  of  eliminating  for  convenience  those 
frequency  translation  by-products  in  the  FTO  which  do  not  contribute  to 
an  understanding  of  the  input  pressure.  Filtering  required  for 
modifying  system  response  to  real  but  irrelevant  pressure  information  or 
other  physical  stimuli  is  not  considered  part  of  the  fundamental  signal 
processing  operation,  although  most  manufacturers  make  no  distinction 
between  these  two  functions  when  describing  their  equipment. 

In  summary,  the  output  of  a  VR  transducer  and  FTSC  contains  many 
components  which  might  wrongly  be  suspect  as  uncontrollable  sources  of 
imprecision.  These  are  a  result  of  the  complexity  of  the  electrical 
signal  from  the  transducer  and  input  circuit  and  the  large  number  of 
non-data  processing  by-products.  These  "errors"  are  mathematically 
similar  to  the  errors  from  truncation  of  the  series  form  of  the  pressure 
input  function  caused  by  tubulation  lag.  In  both  cases,  the  scaling 


4 

The  "carrier  amplifier-demodulator"  method  of  signal  processing  is 
often  used  in  equipment  packaged  for  strain  measurements  in  preference 
to  a  DC  system  because  of  the  extremely  small  signals  available  from 
single-  and  two-  active  arm  strain  gage  "bridges."  The  high  noise 
immunity  of  the  carrier  method  is  unique  in  that  thermo  emfs  in  leads 
and  connections  as  well  as  AC  pickup  do  not  cause  errors  in  the 
measurement. 
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error  within,  and  only  within,  the  band-limited  region  of  data 
frequencies  of  interest  is  easily  compensated  for  by  adjusting  the  scale 
factor  (gain)  n £.  However,  the  pneumatic  system  lag  time  errors 
theoretically  never  become  zero  no  matter  how  long  an  equalization  time 
is  allowed.  The  existence  of  the  same  type  of  mathematical  upper 
frequency  limitation  imposed  by  the  pneumatics  and  by  this  type  of 
signal  processing  operation  can  be  confusing  if  viewed  superficially. 

It  sometimes  leads  to  a  "chicken-egg"  application  dilemma  which  can  be 
simplified  by  the  approach  illustrated  in  Figure  7.  The  most  important 
practical  result  of  this  analysis  is  that  if  high  frequency  data  is  of 
concern,  the  carrier  frequency,  »c,  must  be  made  as  high  as  possible. 
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SECTION  V 

MECHANICAL  DESIGN  CONSIDERATIONS 

In  Reference  10,  the  author  states,  about  his  own  VR  transducer 
design:  "Tests  using  a  carrier  frequency  of  20  KC/S  showed  that  the 
change  of  loss  resistance  in  the  solid  cores  contributed  more  to  the 
output  signal  than  did  the  change  of  inductance.  The  instrument 
consequently  displayed  a  large  zero  shift  with  temperature."  This 
problem,  and  also  the  difficulty  of  fabrication,  was  given  as  the  reason 
for  the  author's  abandonment  of  the  VR  transducer  and  pursuit  of  a 
capacitance  design.  The  analysis  of  this  "core  loss  resistance" 
problem,  not  further  explained  in  this  reference,  requires  consideration 
of  the  mechanical  and  magnetic  features  of  the  design. 

The  magnetic  processes  in  VR  transducers  occur  as  shown  in  Figure 
11.  The  pressure  input  differential,  P2  -  applied  to  the  center 
plate  through  the  openings  in  each  case  half  appears  in  the  magnetic 
circuit  as  a  complementary  change  in  the  air  gap  lengths,  ^  and  at 
each  pole  piece.  The  pressure- deflection  relationship  is  essentially 
linear,  due  to  the  choice  of  center  plate  suspension.  The  classical  VR 
transducer  uses  the  clamped  flat  plate  suspension  shown  in  Figure  12  as 
case  (a).  Although  not  specifically  stated  in  commonly  available 
engineering  references,  the  stress,  deflection,  and  resonance  behavior 
of  circular  plates  rigidly  supported  at  the  edge  appears  to  fall  into 
four  distinct  classes.  These  are: 

a)  Thick  plate,  with  deflections  limited  to  the  smallest 
possible  values,  much  less  than  the  thickness; 

b)  Thin  plate,  with  design  values  of  deflection  no  greater  than 
half  the  thickness; 

c)  Thin  plate  prestressed  by  means  of  radial  tension;  and 

d)  Very  thin  membrane  or  diaphragm  with  radial  tension, 
designed  to  undergo  deflections  during  normal  conditions  which  are 
greater  than  half  the  thickness. 


GEOMETRIC  TRANSFORMATION 
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Types  of  Pressure  Element  Suspensions 
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An  expression  for  resonant  frequency  found  in  Reference  21  for  the  thick 
plate  does  jiot  contain  Poisson's  ratio,  either  as  a  variable  or  an 
assumed  constant.  This  suggests  that  it  is  intended  to  apply  to  the 
case  where  shear  at  the  clamped  edge  is  dominant  and  bending  stress  is 
negligible.  It  is  obviously  intended  for  design  of  thick,  rigid 
structural  systems  rather  than  members  which  have  as  their  main  function 
to  undergo  deflection.  The  existence  of  several  different  expressions 
for  resonant  frequency  for  the  various  ranges  of  deflection  magnitude 
also  suggests  that  a  given  CP  suspension  can  exhibit  resonances  at 
frequencies  which  are  affected  significantly  by  both  steady-state  and 
fluctuating  pressure  load  magnitude.  For  the  thin  plate  used  in  VR 
transducers.  Reference  21  gives  the  maximum  deflection  (ymax)»  which 
occurs  at  the  center,  resulting  from  a  uniformly  applied  load,  p,  per 
unit  area. 


■^max 


3pr24 
16  Et3 


O-Y2) 


This  reference  gives  the  constants  and  variables  in  engineering 
units  as  follows: 


p  *  applied  pressure  -  pounds  per  square  inch 
r2  *  free  radius  of  the  CP  -  inches 
E  *  Young's  modulus  -  pounds  per  square  inch 
*  29  X  10®  PSI  for  steel  alloy 
t  3  thickness  of  CP  -  inches 
y  3  Poisson  s  ratio 

3  0.29  for  steel  alloy 
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This  formula  is  valid  where  y  It/2'  Thus.  the  ^flection  is  linear 
with  pressure  in  this  range.  The  maximum  stress. smax»  in  the  plate  due 

to  pressure  load,  p,  occurs  in  the  radial  direction  and  is  given  by 


3  prV 

4 


In  the  case  where  the  load,  p,  is  large  enough  to  cause  y  >  / 2’ 
radial  tension  in  the  plate  becomes  large  enough  to  restrain  the 

deflection  at  the  center  and  the  linear  relationship  no  longer  holds. 

This  deflection  can  be  found  by  solution  of  the  implicit  relationship 


<*)  *  f 


The  first  circular  mode  resonant  frequency  of  this  suspension  is  given 
in  Reference  22  in  cgs  units.  Converted  to  engineering  units  the 
expression  given  becomes 


°-471  h 


where  p  =  density  of  center  plate  material  -  pounds  per  cubic  inch 


g  *  gravitational  acceleration  -  386.4  in.  per  second  squared. 


The  center  plate  suspension  shown  in  Figure  12(d),  not  normally 
used  by  transducer  manufacturers,  modifies  the  stress  and  deflection 
characteristics  by  relieving  the  sharply  defined  point  of  inflection  of 
the  surface.  The  edge  supported  plate  of  Figure  12(b),  having  an 
inflection  point  at  r ^  has  stress,  deflection,  and  resonant 

frequency  formulas  similar  to  case  (a),  but  with  different  constant 
coefficients.  Reference  21  gives  the  maximum  (center)  deflection  as 


■^max 


6y  +5)  where  y  < 


t 
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The  maximum  stress  in  the  plate  is  given  as 

3pr22 


smax 


8t‘ 


(3+7) 


For  the  nonlinear  case,  when  y>  t/2,  the  center  deflection  is  given  by 

^  *  -^5-  <£)  *  0.376(^)3 
Et4  63(1-y2)  1  t 

The  first  circular  mode  resonant  frequency  is  given  in  Reference  22  as 

fr 


r0l 


0.235 

i*22  0“Y2)p 


It  is  reasonable  to  assume  that  the  stress  and  deflection 
characteristics  of  the  plate  suspension  with  stress  relief,  case  (d), 
will  differ  from  those  of  case  (a)  and  (b)  only  by  the  constants,  and 
these  constants  will  lie  between  those  for  cases  (a)  and  (b),  provided  a 
suitable  adjustment  to  the  value  of  effective  free  radius  r ^  is  made. 
This  modification  will  improve  the  calibration  repeatability  by  reducing 
high  stress  concentrations  near  the  clamping  edge  and  will  facilitate 
making  a  leak-proof  seal.  Resonant  frequencies  and  damping 
characteristics  may  be  affected  greatly. 


Several  VR  transducers  were  found  to  have  a  lathe-turned  CP  with  a 
compound  cross  section  such  as  shown  in  Figure  12  (e).  This  method  of 
CP  fabrication  was  employed  by  the  author  of  Reference  10  for  both  his 
VR  transducer  and  his  capacitance  transducer. 


The  acceleration  sensitivity  of  a  VR  transducer  is  wholly  due  to 
the  deflection  of  the  distributed  mass  of  the  free  portion  of  the  CP  in 
the  same  manner  as  if  it  were  responding  to  a  pressure  load.  As  stated 
in  Reference  10,  the  equivalent  pressure  due  to  an  acceleration  of  1  "g" 
is  d«t  where  d  is  the  weight  of  the  CP  material. 

The  stretched  membrane,  Figure  12(c)  is  employed  in  transducers 
where  both  high  deflection  sensitivities  at  low  pressure  loads  and  high 
resonant  frequencies  are  required.  This  thin  membrane  is  properly 
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called  a  diaphragm  and  is  used  in  pressure  microphones.^  The  thin 
diaphragm  would  present  an  undesirably  high  magnetic  reluctance  path  for 
the  circuit  flux  in  a  VR  transducer.  The  VR  pressure  transducer 
described  in  Reference  23  uses  the  thin  plate  with  a  moderate  amount  of 
radial  tension  to  raise  the  resonant  frequency,  reduce  the  effects  of 
local  stress  nonuniformities,  and  improve  calibration  linearity  and 
mechanical  hysteresis.  The  improved  linearity  of  this  type  suspension 
at  large  deflections  is  due  to  the  presence  of  a  constant  component  of 
radial  tension  which  is  very  large  compared  to  the  load  induced 
component.  In  practice,  it  is  difficult  to  maintain  this  tension 
constant  due  to  structural  response  to  environmental  changes  and 
assembly  and  installation  forces. 

The  thin  corrugated  pressure  element.  Figure  12(f),  used  to  provide 
high  values  of  linear  deflection,  would  present  an  undesirably  high 
reluctance  magnetic  return  path.  The  transducer  described  in  Reference 
24  uses  this  type  diaphragm  made  of  beryllium  copper,  with  an  attached 
iron  center  disk  facing  each  pole  piece  to  provide  a  good  magnetic 
return  path.  The  spring-mass  characteristic  of  this  design  would  give 
an  exceedingly  low  mechanical  resonant  frequency  and  a  high  sensitivity 
to  axial  acceleration.  The  linearity  and  hysteresis  characteristics 
would  be  considerably  better  than  the  edge  clamped  plates  and  the 
overall  mechanical  performance  would  be  much  more  predictable. 

A  hypothetical  model  classical  VR  transducer  is  shown  in  Figure  13. 
If  a  maximum  deflection  of  j  *  .005  inches  is  assumed,  the  nominal  full 
scale  pressure  would  be  about  24  PSID.  The  center  plate  deflection  and 
natural  frequency  characteristics  are  calculated  but  the  choices  of  air 
gap  length  and  the  effects  of  the  large  variation  in  cross-sectional 
area  along  the  flux  path  and  determination  of  electrical  performance 
require  consideration  of  magnetic  circuit  principles. 


1.  Steady  state  (barometric)  pressure  differentials  across  the 
microphone  diaphragm  are  eliminated  by  a  low  response  pressure  vent  on 
the  reverse  side. 
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ACTIVE  ANNULUS  OF 
CENTER  PLATE 


ASSUME 

r3  =  3/4"  r2  *  7/16"  r,  =  5/32"  t 
ig  *  (a-b)  =  0.025" 

FOR  MAGNETIC  STAINLESS  STEEL: 

p  *  0.2817  it  E  =  29  x  106  1&. 

inJ  irr 

Y  *  0.29 


MINIMUM  AREA  IN  FLUX  PATH  =  Zir^  x  t  *  0.009  in2  (ANNULUS) 

MAXIMUM  AREA  IN  FLUX  PATH  =  (r2  -  r2)ff  *  1.17  in2 

NEGLECTING  FRINGING,  THE  FLUX  DENSITY  WILL  VARY  ALONG  THE 
FLUX  PATH  8Y  A  FACTOR  OF  1 20  TO  1 

ymax  »  t/2  WHEN  AP  APPLIED  *  24  PSI 
fgi  3  %  (9.8  x  104)  =  5120  HERTZ 
rZ 

TOTAL  VOLUME  OF  METAL  (PER  HALF)  *  1.09  in3 
WEIGHT  (PER  HALF)  *  5  OUNCES 


Figure  13.  Mechanical  Profile  -  Hypothetical  Variable  Reluctance 
Pressure  Transducer 
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SECTION  VI 

MAGNETIC  CIRCUIT  OESIGN  CONSIDERATIONS 


The  mechanical  displacement  of  the  center  plate  as  a  result  of 
applied  differential  pressure  causes  complementary  changes  in  the 


length,  of  each  air  gap. 
given  by 


The  magnetic  reluctance,  R,  of  each  gap  is 


where  A^  is  the  area  of  the  pole  piece,  section  AA'in  Figure  11, 
adjacent  to  the  gap,  and  u0  is  the  magnetic  permeability  of  air.  This 
change  in  reluctance  causes  a  change  in  the  output  function,  $  ,  which 
is  the  flux  which  flows  due  to  the  applied  magnetomotive  force  (MMF),  F. 
The  resultant  flux  is  given  by 


This  is  the  magnetic  equivalent  of  Ohm's  Law  for  electrical  circuits. 

The  electrical  analogy  in  Figure  11  relates  steady  state  AC  conditions 
in  the  real  transducer  to  instantaneous  or  DC  magnitudes  of  the 
electrical  analogs.  The  reluctances  of  the  various  elements  in  the 
series  path  add  as  in  the  case  of  resistances.  The  electrical  input  to 
the  inductor  is  applied  as  an  electrical  current,  i,  in  a  coil  of  N 
turns,  comprising  a  magnetomotive  force  per  unit  length,  H.  This  causes 
a  flux  of  density,  8,  in  the  magnetic  path.  The  electrical  output  is  an 
opposing  voltage,  or  counter  emf,  numerically  equal  to  N  in  the 
winding  of  the  inductor  which  cannot  be  measured  directly  in  practice. 

In  the  case  of  a  transformer,  the  output  is  an  output  voltage  across  a 
separate  pair  of  terminals  which  may  be  measured  directly.  Assuming  a 
fixed  magnetic  circuit  geometry  with  known  values  of  A,  y,  and  N,  the 
the  instantaneous  values  of  current,  i,  and  voltage,  e,  in  an  electrical 
circuit  containing  the  inductor  can  be  obtained  in  terms  of  the 
reluctance,  R,  the  independent  variable. 

The  basic  magnetomotive  force  or  electrical  input  relationship  is 


Ni 


_F  . 

4n  4n 
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The  resultant  total  flux  (<t)  in  a  medium  with  a  permeability  u  is  found 
from  the  resultant  flux  density 

8  (flux  density)  *  pH 

$  *  8  x  A  where  A  is  the  area  of  the  magnetic  medium  normal  to 
the  flux  path.  Then  the  current,  i,  as  a  function  of  R,  becomes 

4irNy  4irNuA  4itN 


The  voltage,  e,  across  the  coil  is 


• ' N  at 


This  voltage  in  terms  of  input  current  can  be  found  by  differentiating 
the  expression  for  i. 


i 


4irN 


R  d# 
4tN  dt 


Therefore, 


e 


di 

dt 


These  expressions  reveal  some  practical  guidelines  for  dealing  with 
electro-magnetic  components.  These  are: 

-  The  excitation  of  an  electro-magnetic  circuit  occurs  as  a  result 
of  the  establ ishment  of  a  current  in  the  coil.  The  result  of  applying  a 
voltage  to  an  Inductor  is  not  fundamental  or  definitive.  In  fact, 
applying  a  voltage  of  any  magnitude  to  an  ideal  inductor  will  result  in 
a  current  which  is  indeterminate. 

-  The  electrical  inductance  of  a  given  design  is  inversely 
proportional  to  the  total  reluctance  of  the  magnetic  circuit,  directly 
proportional  to  the  permeabi 1 ity,  u  ,  and  directly  proportional  to  the 
square  of  the  number  of  turns,  N. 
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-  An  ideal  inductor  (such  as  an  ideal  VR  transducer)  draws  no  real 
power  from  its  excitation  source.  When  the  applied  current  is 
sinusoidal,  having  a  frequency,  wc  *  2irfc,  the  instantaneous  current  is 
the  function 


1  =  W  sinwct 


di 

dt  '  “c 


max 


COSoij.t 


The  following  expressions  relate  electrical  quantities,  to  magnetic 
variables. 

d$  _  4ttN  t  t 

dt  ~  R  ^c^ax  cos“ct 


Then  the  instantaneous  power  is  w(t) 


/  \  4-rrN  2  ^ 

w(t)  =  e*i  =  — j,- —  I  max  sintuct-coStuct 

_  2ttN^  .5  . 

R  “c*  max  sin2“ct 


Over  a  period  of  n*  radians,  the  power  will  average  to  zero,  assuming  an 
electrically  and  magnetically  ideal  circuit. 


The  permeabil ity,  u  ,of  the  magnetic  material  in  the  flux  path  is  a 
natural  characteristic.  It  is  determined  by  making  measurements  of 
resultant  flux  density,  6  ,  due  to  applied  MMF-per-unit-length,  H  ,  of  the 
magnetic  circuit  on  samples  of  the  material  under  test  conditions  which 
minimize  the  effects  of  geometry  and  eddy  currents.  A  typical  8-H  curve 
for  a  magnetic  material  commonly  referred  to  as  "iron"  or  "steel"  is 
shown  in  Figure  14(a).  When  an  AC  MMF  is  applied,  the  material  will  be 
operated  cyclically  through  a  loop  as  shown.  The  shape  as  well  as  the 
size  of  the  loop  will  depend  on  the  magnitude  of  the  applied  AC  MMF. 

The  hysteresis  process  requires  some  power  input.  The  power  loss  is 
proportional  to  the  product  of  the  area  within  the  8-H  curve  and  the 
total  volume  of  magnetic  material  in  the  flux  path.  While  it  is  of 
concern  in  the  design  of  electrical  power  system  components,  the 
hysteresis  power  loss  has  little  direct  effect  on  the  performance  of  VR 
transducers,  except  to  set  a  practical  lower  limit  on  the  excitation 
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frequency  at  which  a  given  transducer  can  be  operated  at  a  given 
voltage.  For  this  reason,  operation  of  AC  electromagnetic  components  is 
often  based  on  "Volts-Per-Cycle"  ratings. 

A  series  of  loops  corresponding  to  a  series  of  increasing  values  of 
AC  MMF  is  the  basis  for  a  single-valued  B-H  relationship  useful  in  the 
design  of  AC  magnetic  devices.  This  curve  is  called  the  normal 
magnetization  curve  (NMC).  It  is  the  locus  of  the  tips  of  the  loops 
corresponding  to  all  values  of  applied  cyclical  MMF.  Working  values  of 
permeability,  u  at  a  given  level  of  H  may  be  obtained  by  taking  the 
slope  of  this  curve,  as  shown  in  Figure  14(b).  Selected  magnetic 
materials  used  in  linear  electrical  devices  such  as  power  and  audio 
transformers  exhibit  us  values  from  500  to  20,000  relative  to  u0, 

the  permeability  of  free  space. Published  (handbook)  data  of  this 
kind  are  not  directly  applicable  to  the  design  of  VR  transducers,  but 

materials  such  as  magnetic  stainless  steel  and  others  chosen  mainly  for 
structural  properties  exhibit  similar  magnetic  properties.  The  same 
principles  govern  their  behavior  in  an  electromagnetic  circuit.  Since 
the  total  flux,  $,  must  be  constant  along  each  closed  path,  Sj  and 
and  since  the  cross  sectional  areas  of  the  transducer  elements  vary 
greatly  along  the  path,  the  flux  density  B  varies  accordingly  at  any  set 
level  of  applied  field  intensity,  H ■  The  effective  us  for  each  path 

element  will  be  different,  and  in  the  case  of  sections  AA'  and  00*  in 
Figure  11,  it  will  vary  continuously  as  the  radius  changes.  Practical 
designs  of  VR  transducers  may  have  a  maximum  to  minimum  area  ratio  of 
100  to  one  or  more  along  the  flux  path.  The  location  of  operating 
points  8CC>  and  8DD>  in  Figure  14(b)  is  established  by  the  MMF  input, 
which  is  set  by  the  input  current  in  the  coils.  The  values  of  y$  are 
then  determined  by  transfer  from  the  corresponding  values  of  h  on  the 
NMC.  When  a  reasonable  value  of  flux  density  exists  in  the  transducer 


1.  It  can  be  seen  that  this  "linearity"  is  only  an  approximation  and 
applies  over  a  limited  range  of  operation  on  the  5-H  curve. 

2.  The  value  of  uQ  is  4^  x  IQ"'7  Henry  per  Meter. 
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case.  Section  CC‘,  the  relatively  thin  center  plate  could  be  in 
saturation,  where  the  slope  of  the  NMC  is  nearly  horizontal  if  the  MMF 
polarities  are  arranged  to  cause  the  two  fluxes  to  add  in  the  CP.  If 
one  coil  connection  is  reversed,  this  material  will  operate  in  the 
equally  nonlinear  portion  of  the  NMC  around  zero.  Thus,  the  CP  may  be 
the  greatest  contributor  to  magnetic  (and  therefore  electrical) 
nonlinearity  which  causes  harmonics  to  be  generated.  This  effect  may 
become  more  prominent  as  the  thickness  of  the  CP  is  decreased.  To  take 
into  account  the  "fringing"  of  some  of  the  flux  at  the  air  gap  edges, 
some  adjustment  can  be  made  in  the  effective  value  of  r^ 


The  operating  flux  density  in  the  larger  cross  sectional  areas  AA‘, 
BB',  and  CC*  can  be  set  to  any  value  over  a  wide  range  and  still 
maintain  a  permeability  of  at  least  a  thousand  times  that  of  air.  These 
reluctances  can  be  considered  zero,  reducing  the  magnetic  circuit 
variables  to  only  the  air  gaps  and  the  CP.  The  electrical  analog  of 
Figure  11  may  be  simplified  to  that  shown  In  Figure  1 5A.  The  basic  form 
of  the  sensitivity  function,  n^,  of  the  mechanically  ideal  VR  transducer 
and  input  network  can  be  obtained  from  this  analog.  With  zero  pressure 
(differential)  applied  to  the  transducer,  the  flux  magnitude  will  be 
given  by 


<P]  a  $2 


F1 

R£l  +  %)’ 


*£2  +  *00' 


With  a  pressure  load  applied,*,  will  be  replaced  by  ^ )  and 

will  be  replaced  by  (R^+dR^),  where  aR^  and  AR^  are  compared  2 

to R^  and  R^.  Then  the  expression  for  the  flux  in  path  $,  becomes 


4.  a  F _  .  f 

1  R£T  +  +  Rqq<  Rj,  +AR^ 


The  unchanging  components  are  R^  and  R, 
Similarly,  since  aR»  *  -  aR,  a 


becomes 


'id 


00 


-1 


A  ' 

n 


*T  1  *  ^1 


,  which  are  combined  as  Rj. 

R.  ,  the  other  resultant  flux 
41 
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The  magnitude  of  useful  electrical  output  signal  is  proportional  to  the 
pressure  induced  change  in  flux  magnitude,  .'his  can  be  expressed  as 


A<f  *  <f 


-  *1 


F 

*Tt 


Rjl  +  ARfc^ 


F 


ar 


1 1 


Rt  i  + 


) 


Also,  at  the  same  time 

At  a  <t_  - 

2  2 


_F _ E _ _  ±-  ( _ ^2 _ ) 

^Tl  ^Tl  "  ^Tj  ®Ti  * 


The  output  is  symmetrically  bi-directional  with  respect  to  the  neutral 
position,  which  corresponds  to  the  zero-voltage  reference  point 
determined  by  the "bridge"  circuit  of  Figure  4.  Thus,  the  analog  circuit 
of  Figure  15A  is  useful  in  determining  the  form  of  the  relationship 
between  input  pressure  and  electrical  output,  V  resulting  from  the 
connections  shown  in  Figure  4  when  the  constants  of  proportional ity 
between  excitation  voltage  and  the  resulting  MMF's,  F^  and  F£,  are 
known.  The  assumptions  concerning  the  effect  of  Rqq'  are  based  on 
consideration  of  the  Y-a  transformation  of  the  simplified  circuit,  shown 
in  Figure  15B.  Any  changes  in  Rqq1  are  indirect  effects  due  to  changes 
in  the  magnetic  field  geometry  in  the  center  plate.  They  also  slightly 
affect  the  local  permeability  of  the  affected  areas  and  cannot  be 
quantified.  Therefore,  the  terms  containing  are  treated  as 
constants.  The  sum  of  %£  and  is  always  constant  and  the  terms  are 
approximately  equal.  It  ian  be  sflown  that 


x  ~  ( 


R£l  +  ^2s2 
2  1 


Then  R 

4 


is  nearly  constant. 


This  causes  a  fixed  component  in  ^ 


and  $2»  but  does  not  affect  the  sensible  output,  a«j>.  The  additional 
fixed  component,  <t>$,  caused  by  straight-through  flux  penetration  of  the 
CP  is  shown  as  being  caused  by  fixed  reluctance,  *  $.  The  magnitude  of 
this  component  may  become  appreciable  when  thin  center  plates  are  used. 
This  component  appears  in  the  electrical  measurements  of  Section  X  as 
mutual  inductance.  The  pressure-induced  changes  in^c  will  not 
directly  affect  the  sensible  output,  but  will  change  the  loading-  on  the 
"power  supplies,"  F,  and  F?.  This  effect  is  discussed  in  Section  X. 
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The  expressions  developed  for  the  sensible  output  of  a  mechanically 
ideal  VR  transducer  in  response  to  a  pressure  input,  which  apply  when 
AR^is  small  compared  to  R^,  are  of  the  basic  form 

y  =  c  ^  a”  +  x  ^ 


Therefore,  the  characteristic  sensitivity  function  shown  in  Figure  16  is 
nonlinear.  They  also  show  that  the  signal  output  due  to  application  of 
a  pressure  load  is  directly  proportional  to  the  input  MMF  (excitation) 
and  inversely  proportional  to  the  total  effective  reluctance  of  the  flux 


path  consisting  of  the  air  gap  and  the  center  plate.  As  a  result,  the 

design  of  a  VR  transducer  requires  a  compromise  of  sensitivity  and 

linearity.  The  line  y  3  c  —in  Figure  16  results  from  selecting  a 

ad 

given  value  of  maximum  rated  or  nameplate  full  scale  (NFS)  center  plate 
deflection,  ad,  as  a  fraction  of  a,  the  total  unchanging  equivalent  path 
length.  The  equivalent  path  length  takes  into  account  the  fact  that  the 


effective  path  length  in  air  isu<-  times  that  in  the  CP  material.  The 

V  * 

line  y  3  c  j  provides  a  reference  from  which  the  desired  terminal 
linearity  can  be  computed. 


Changes  in  R^,  due  to  center  plate  deflection  occur  as  a  result  of 
changes  in  the  shape  and  magnitude  of  the  flux  entering  and  leaving  the  air 
gaps.  Therefore,  the  total  flux,  flux  density,  and  field  shape  within 
the  CP  will  be  affected  by  CP  position.  The  average  md  microscopic 
local  permeability  of  the  portion  of  the  CP  adjacent  to  the  pole  pieces 
will  also  change.  These  complex  second  order  effects  will  also 
contribute  to  nonlinearity  of  the  output  function,  ,  with  respect  to 
CP  position. 


There  is  reason  to  expect  that  both  the  fundamental  and  harmonic 
output  will  change  with  pressure  input.  This  behavior  will  be  affected 
greatly  by  the  level  of  operating  flux  established  by  the  applied 
electrical  current  (excitation).  Shaping  of  the  pole-piece  face 
geometry  is  one  possible  way  of  modifying  the  magnetic  circuit  to 
improve  overall  nonlinearity.  The  effects  of  electrical  loading  of  the 
transducer- input  network  combination  upon  the  output  signal  are 
discussed  in  Section  X. 
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External  magnetic  fields,  if  they  are  of  sufficient  strength  and 
appropriate  geometry,  will  add  to  the  total  instantaneous  MMF  of  the 
magnetic  circuit.  This  will  change  the  effective  permeability  of  the 
magnetic  material  and  therefore  the  effective  reluctance.  AC  fields  and 
moving  "DC"  fields  will  therefore  "modulate"  the  output  of  the 
transducer.  Stationary  magnetic  fields  will  cause  a  change  in  output 
level.  These  effects  are  usually  temporary  and  seldom  cause  a  permanent 
change  in  the  magnetic  system. 


Figure  16.  Characteristic  Sensitivity  Function  -  Variable  Reluctance 
Pressure  Transducer 
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SECTION  VII 

IN-CIRCUIT  BEHAVIOR  OF  REAL  IRON-CORE  INDUCTORS 

1.  CURRENT-VOLTAGE  RELATIONSHIPS 

In  practical  cases  such  as  VR  pressure  transducers,  the  input 
current  to  an  inductor  is  often  established  by  applying  a  voltage,  e-p 
across  its  two  terminals.  The  resulting  current  is 


N  is  the  number  of  turns  in  the  inductor  coil  and  Ri  is  a  resistance 

^  Ha 

composed  of  all  internal  loss  elements.  The  counter-emf,  N-^p  can  only 
be  sensed  in  the  external  circuit  indirectly  by  its  effect  on  the 
current.  The  current  is  also  related  to  the  flux  $  through  the 
magnetization  curve  8-H  because  H  is  proportional  to  Nxi  and  $  is 
proportional  to  8  for  a  given  magnetic  circuit  geometry.  Empirical 
simultaneous  solutions  of  these  two  relationships  are  necessary  to  find 
the  current-voltage  characteristics  of  a  real  iron-core  inductor  in  an 
electrical  circuit.  The  current  can  be  determined  experimentally  by  the 
same  method  used  in  transformer  design  work  to  determine  the  "exciting 
current"  (Reference  7).  This  is  the  current  which  a  transformer  draws 
at  rated  primary  voltage  with  no  current  drawn  from  the  secondary.^  In 
Figure  17,  eg  is  a  sinusoidally  varying  voltage  having  the  value 
eg  =  Emaxs i nujt .  It  is  applied  across  the  inductor  having  a  non-linear 
magnetic  circuit  and  a  resistance,  Rp  The  voltage,  e-p  can  be  made 
nearly  equal  to  e^  (that  is,  sinusoidal)  by  using  a  generator  of  very 


1.  The  flux  density  in  the  transformer  core  under  these  conditions  is 
abnormally  small  and  the  8-H  characteristic  curve  is  much  different  than 
at  normal  load  conditions.  Circuit  inductor  current  waveform  therefore 
resembles  transformer  operating  current  more  than  the  pulse- like 
waveform  usually  shown  in  textbooks  as  transformer  exciting  current. 
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Figure  17.  Inductor  Test  Model 


low  internal  impedance,  Zg.  In  this  situation,  called  "constant 
voltage"  excitation,  the  current,  i,  will  be  forced  to  adjust  to  the 
simultaneous  electrical  relationships  as  shown  in  Figure  18.  To  determine 
the  current  from  analysis,  the  8-H  curve  must  be  known  and  a  waveform 
f or  *  must  be  assumed  and  differentiated.  Then,  a  trial  current  must 
be  determined  through  use  of  the  8-H  curve.  The  iR  product  is  then 
subtracted  from  the  input  voltage  and  the  difference  is  compared  with 
the  original  assumption  f or  $  .  The  process  must  be  repeated  until  the 
assumed  and  derived  waveforms  of  i  are  the  same.  In  efficient  inductors 
and  transformers,  R]_  will  be  small  but  not  negligible.  VR  transducers 
and  small  household  transformers  have  relatively  high  internal  loss 
resistances.  Where  measurements  of  i  are  needed  in  practice,  it  can  be 
sensed  as  a  voltage  drop  across  a  resistor,  R  which  must  be  much 
smaller  than  R^  or  Zg.  If  Zg  or  any  other  series  resistance  in  the 
series  circuit  is  relatively  large,  the  current  will  be  determined  by  Eg 
and  these  resistances,  becoming  nearly  sinusoidal.  This  condition  is 
called  "constant  current,"  since  changes  in  the  coil  inductance  will 
have  little  effect  on  the  current  compared  with  these  resistances.  Then 
approaching  equality  with  Nd$,  will  adjust  itself  to  meet  the  two 
simultaneous  relationships,  as  shown  in  Figure  19. 
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INDEPENDENT  VARIABLE: 
DEPENDENT  VARIABLE:  i 


GIVEN:  +  iR 


ST  =  ET(max)sin<1)t  INEXORABLE  APPLIED  VOLTAGE) 
(COIL  CURRENT) 


‘  Figure  18.  Flux-Current  Determination  of  Inductor  "Exciting 
Current"-  Constant  Voltage  Excitation 


INDEPENDENT  VARIABLE:  i  3  I  si  nut  (APPLIED  CURRENT) 

max  ' 

OEPENOENT  VARIABLE:  eT  (TERMINAL  VOLTAGE) 

Figure'! 9.  Flux-Current  Relationships  in  Inductor  -  Constant 
Current  Excitation 
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The  functional  relationship  of  flux  versus  current  used  in  Figures 
18  and  19  is  obtained  directly  from  the  8 -H  curve  of  the  magnetic 
material  when  a  given  magnetic  circuit  geometry  and  coil  design  is 
specified,  since#  =8  x  area  and  Hs  N  x  i.  The  non-linear  electrical 
behavior  of  magnetic  circuits  containing  non-linear  elements  such  as 
iron  creates  voltages  having  significant  harmonic  content.  The  effects 
of  the  harmonics  in  the  output  of  a  VR  transducer  on  a  signal 
conditioner  must  eventually  be  taken  into  account  using  the  analysis  of 
Section  IV.  The  internal  impedance  of  the  source  of  excitation  to  the 
transducer  and  the  AC  resistance  of  its  coils  and  interconnecting  leads 
are  therefore  important  circuit  variables  in  a  VR  transducer-signal 
conditioner  system.  Oue  to  the  symmetry  of  the  B-H  relationship  about 
the  origin,  the  application  of  any  periodic  waveform,  f(t),  having  half 
wave  symmetry  (meaning  f(t)  a  -f[t  +  T/2] ) ,  such  as  a  sine  wave,  with 
respect  to  the  H  axis  results  in  an  output  waveform  B(t)  which  also  has 
half-wave  symmetry  (Reference  25.)  The  Fourier  coefficients,  an,  and  bn, 
for  such  a  waveform  are  given  by 

+T/2 

Y  J 8(t)cosnwt  dt  and 
-T/2 
+T/2 

~  yB(t)sinnut  dt. 

-T/2 

Both  coefficients  are  zero  for  n  even,  which  means  that  only  odd 
harmonics  are  generated.  The  principle  is  illustrated  graphically  in 
Figure  20.  The  symmetry  of  the  B-H  curve  would  be  destroyed  by  applying 
a  0C  or  nonsymmetrical  periodic  external  magnetic  field  to  the  magnetic 
circuit,  changing  the  magnitude  of  the  odd  harmonics  and  adding  even 
harmonics. 
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At  relatively  high  values  of  input  MMF,  the  8 -H  characteristics 
approach  the  horizontal  straight  line  characteristic  of  air  and  free 
space.  This  condition,  referred  to  as  saturation,  results  in  a  flux 
wave  form  which  is  flat  over  almost  all  of  the  half-cycle.  Thus,  the 
waveform  of  the  voltage,  n||v  becomes  a  very  low  duty  cycle  pulse  in 
which  high-order  harmonics  are  dominant. 


Figure  20.  Half-Wave  Symmetry  Harmonic  Cancellation 
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The  effect  of  adding  a  relatively  small  air  gap  of  length,  i ,  to  an 

otherwise  fixed  geometry  "iron"  magnetic  circuit  is  to  increase  its 

us 

effective  length  by  the  factor  (l+2,g— ).  In  the  constant  voltage  case, 

wo 

the  current  must  increase  to  provide  the  necessary  additional  MMF(F  = 
N*i),  and  the  total  flux  will  remain  the  same.  This  increase  in  current 

will  be  large,  since-L  can  range  from  several  hundred  to  several 

uo 

thousand.  In  the  air  gap,  the  flux-current  relationship  is  linear, 
since  v0  is  a  universal  constant.  Therefore,  the  waveform  of  this 
component  of  current  will  be  the  same  as  the  applied  voltage.  When  this 
voltage  is  sinusoidal,  the  current  will  be  a  co-sinusoid  (in 
quadrature).  The  addition  of  this  large  sinusoidal  component  to  the 
total  input  current  reduces  its  relative  harmonic  content.  In  a 
practical  circuit  having  a  finite  coil  resistance  and  generator 
impedance,  there  will  be  a  significant  reduction  of  that  part  of  the 
circuit  current  available  to  create  flux,  due  to  voltage  drops  in  these 
loss  elements.  At  the  iron-air  interface,  the  flux  lines  will  undergo  a 
significant  change  in  geometry,  since  the  flux  densities  in  the  two 
media  are  different.  For  design  purposes,  these  effects  can  be 
evaluated  only  by  mapping  the  flux  field  to  provide  values  of  local  flux 
density  needed  for  circuit  calculations. 

Where  electrical  circuits  contain  harmonics  generated  in  this  manner 
by  "iron"  electromagnetic  components,  the  analysis  of  these  circuits  can 
be  done  without  error  only  if  instantaneous  values  of  voltage  and 
current  are  used  throughout.  Since  this  is  impractical,  it  is  customary 
to  deal  with  such  circuits  as  though  they  contained  separate  generators 
of  frequencies  w  (the  excitation  frequency),  2-,  3u>,  —  nw,  and  treat 
the  circuit  in  terms  of  steady  state  sinusoidal  currents  and  voltages  of 

each  frequency  separately.  If  this  is  done,  the  relative  phase  of  each 

component  must  be  preserved  to  avoid  serious  errors  in  some 

applications.  The  VR  pressure  transducer  and  the  input  network  in 

combination  may  be  represented  as  a  two  terminal  output  device 
containing  n  generators  each  having  a  voltage  amplitude  and  relative 
phase  angle  corresponding  to  each  value  of  steady  state  input  pressure 
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load,  holding  all  other  circuit  parameters  constant.  This  concept  is 
illustrated  in  Figure  21.  The  results  in  a  total  voltage  ''calibration" 
of  the  general  form  shown  in  Table  3.  The  phase  reference,  or  time 
zero,  can  be  incorporated  in  these  "data"  by  setting  to  zero.  The 
effects  of  these  harmonics  on  the  signal  processor  are  evaluated  in 
Section  VIII.  Some  practical  problems  with  harmonics  encountered  in 
attempts  in  the  early  phases  of  this  study  to  measure  transducer 
characteristics  using  standard  inductance  measurement  techniques  are 
described  in  Section  X. 


P 


k 


Figure  21.  Total  Output  Transducer*  Equivalent 


OUTPUT 

VOLTAGE 


2.  EDOY  CURRENTS 

A  second  result  of  establishing  an  alternating  flux  in  the  "iron" 
is  the  establishment  of  electrical  currents  within  the  magnetic 
material.  These  currents,  called  eddy  currents,  are  created  as  a 
result  of  the  time-varying  MMF  applied.  The  flow  of  these  currents  in 
the  electrical  resistance  of  the  material  causes  power  losses.  They  can 
be  set  up  in  any  electrical  conductor,  whether  magnetic  or  not.  By  use 
of  the  Faraday  induction  law  relating  AC  flux  density,  the  induced 
current,  I,  and  the  path  geometry,  the  current  and  voltage-relationships 
in  the  external  electrical  circuit  due  to  internal  currents  can  be 
determined.  The  sequence  of  processes  in  the  magnetic  system  which  are 
detectable  as  electrical  effects  at  the  terminals  of  the  inductor  is 
shown  in  Figure  22.  Each  transition  from  magnetic  to  electrical  form 
results  in  a  time  differentiation  and  therefore  a  multiplication  of  the 
amplitude  by  a  ,  accompanied  by  a  phase  shift  of  90  degrees.  The  result 
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TABLE  3 

STEADY-STATE  CALIBRATION  OUTPUT  COMPONENTS 
VARIABLE  RELUCTANCE  PRESSURE  TRANSDUCER 

Pressure  Input 

%  NFS  v k ,  ELECTRICAL  OUTPUT  —  INSTANTANEOUS  VOLTS 

0  v  58  A  cosoi  t  +  B  cos2uj  t  +  C  cos3<u  t  +  D  cos4a)  t  +  E  cos5oj  t+... 
oocococococ 

I 

+  A'sinai^t  +  Blsin2ai/.t  +  C'sin3u>„t  +  Dnsin4o)  t  +  E'sinSw  t+. . . 
ocococucoc 

40  »  A^cosu)ct  +  8-]Cos2u)ct  +  C-jCos3u)ct  +  D-|COs4ouct  +  E^  cos5ajct+. . . 

+  A4 s i rvu „ t  +  B,  sin2ui  t+  C,  'sin3u)  t  +  D,sin4u)  t  +  Elsin5u  t+.. 
lei  cl  clclc 

80  v,,sA„cosu)  t  +  B0cos2oj  t  +  C0cos3u  t  +  D0cos4oj  t  +  E0cos5oj  t+.  . . 
22c  Zc2c2cZc 

+Aisi nu  t  +  Bi$in2a)  t  +  Cisin3w  t  +  DIsin4w  t  +  Elsi n5w  t+. . . 
2c  2c2c2c2c 

120  v,=  A.,cosu>  t  +  B,cos2u  t  +  C,cos3a)  t  +  D,cos4uj  t  +  E,cos5to_t  +  . . . 

33C3C3C3CJC 

+  Alsinu  t  +  B'sin2ai  t  +  C^sin3a)  t  +  D'sin4w  t  +  E  'si n5ujr t  +  . .  . 
3c  3  c  3  c  3  c  3  <- 

80  v4=  A4coswct  +  B4cos2u>ct  +  C4cos3wct  +  D4cos4wct  +  E4cos5u)ct+. . . 

+  Aisinw  t  +  Bisin2w  t  +  Clsin3co  t  +  Disin4w_t  +  Elsi n5wrt+. . . 

4C4C4C4C4C 

40  v5=  A^cosa)ct  +  B5cos2wct  +  CgCos3wct  +  D5cos4u>ct  +  E5cos5u)ct  +  . . . 

+  Ac$inu>  t  +  BLsin2u)  t  +  CAs i n3w  t  +  D'sin4aj  t  +  E,lsin5w  t+.  .  . 

bCbCbCbCDC 

0  V  =  A .COSa). t  +  B_COS2u^t  +  CcCOS3u)  t  +  PcCOS4w  t  E,COS5w  t+.  . . 

66C6Cbcbct>c 

+  ALsinw  t  +  B'sin2w  t  +  Cl.sin3u>  t  +  D'sin4u>  t  +  ELsinSw  t+.  .  . 
6c6c6cbCbc 

-40  v^=  A7cosa)ct  +  B7COs2u>ct  +  C7cos3wct  +  D7cos4toct  +  E7cos5wct+.  .  . 

+  A' si  no)  t  +  BAsin2u  t  +  C4sin3u>  t  +  Disin4u)  t  +  E4s  i  n5w  t+ .  .  . 
7c7c7c/c/c 

-80  Vg=  AgCosw  t  +  BgCOs2.'oct  +  CgCos3u>ct  +  DgCos4wct  +  EgCOs5wct+. . . 

|  +  ALsinw  t  +  B '  sin2w  t  +  CIsin3u>  t  +  Disin4w  t  +  E'sin5u  t+... 

8c8c8c8coc 

I 

I 

I 

i 

0  v12=A12cosW(;t  +  2cos2a)(;t+C1 2cos3wct  +  2cos4cuct+E^  2cos5wct+. . . 

+A-J  2sinwct  +  B^2sin2uict+C]2sin3wct  +  2si  n4u)ct+E-j  2si  n5ioct+ .  .  . 
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Figure  22.  Eddy  Current  Model 


is  an  effective  overall  phase  shift  of  zero  (-180  degrees)  making  the 

process  a  resistive  or  power  dissipative  one  which  is  proportional  in 
2 

magnitude  to  o>  ' .  In  the  design  of  electrical  machinery  and  power 
system  components,  these  currents  and  voltages  are  of  concern  due  to  the 
operating  inefficiency  and  equipment  heating  they  cause.  The  power 
loss,  W pp,  in  a  volume,  V,  of  conducting  material  subjected  to  a 
sinusoidally  varying  flux  having  a  value  3(t)  3  ^^sinwj.t  is  given  in 
Reference  7. 


u  2  t2b2 
c  max 

240v 


x  V 


(watts). 


In  this  expression,  8  is  in  gauss,  0y  is  the  volume  electrical 
resistivity  of  the  conducting  material,  and  t  is  the  thickness  of  an 
element  of  the  volume  in  the  direction  shown  in  Figure  23.  The  volume 
is  considered  fixed  and  made  up  of  a  variable  number  of  slabs,  each 
having  a  thickness,  t,  and  length,  k,  which  are  electrically  insulated 
from  each  other  causing  the  path  of  the  current  I,  to  be  long  and  thin. 
This  increases  the  ratio  of  shunt-to-series  resistance  within  the  loop, 
which  is  beneficial.  The  thickness  of  the  insulating  layers  between 
slabs  is  assumed  to  be  zero,  making  the  total  width  of  the  volume  equal 
to  the  product  n-c.  The  volume  resistivity  is  derived  from  test  data  on 
material  samples.  It  is  expressed  as  the  voltage  drop  across  two 
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Figure  23.  Eddy  Current  Geometry  and  Lumped  Resistance  Equivalent  Circuit 


opposite  faces  of  a  cube  of  unit  dimension,  caused  by  a  uniformly 
distributed  unit  current  flowing  through  (perpendicular  to)  those  faces. 
The  directional  resistivity  is  defined  by  the  relation 

4.s  R  55  -J-  (ohms) 

I  H 

A  is  the  cross  sectional  area  of  the  face  in  the  perpendicular  plane. 

The  units  of  length,  having  been  derived  in  early  work  in  materials 
physics,  usually  appear  in  data  handbooks  such  as  Reference  26  in 
centimeters,  resulting  in  the  dimension  for  p 

p  s  — (.-^ms )  xj5(cF3)  =  ohm-centimeters 
v  l{ cm) 

The  derivation  of  eddy  current  power  loss,  W^,  appearing  in  Reference 
7,  page  132,  is  in  meters  length,  requiring  that  be  in  ohm-meters  or 
"ohms-per-meter-cube."  Thus,  most  available  handbook  data,  such  as  are 
found  in  Reference  26,  must  be  multiplied  by  10"^  to  be  used  in 

this  expression.  The  derivation  assumes  geometric  uniformity  of  flux 
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density  in  the  medium,  which  may  not  be  exactly  true  in  practice  for 
alternating  flux.  In  the  design  of  AC  electrical  equipment  there  are 
practical  limits  on  the  extent  to  which  slab  ("lamination")  thickness 
can  be  reduced  to  reduce  eddy  current  effects.  The  thickness  of  the 
insulation  between  laminations  is  finite  rather  than  zero.  Data  from 
electrical  steel  manufacturers  are  available  which  show  the  manner  in 
which  test  samples  depart  from  the  theoretical  relationship.  The  eddy 
current  losses  as  shown  in  this  data  do  not  extrapolate  to  zero  as  r 
approaches  zero. 

Table  4  is  a  composite  of  data  from  several  sources  pertinent  to 
the  study  of  eddy  current  effects  in  various  magnetic  materials.  The 
effect  of  temperature  upon  py  is  significant.  Handbook  data  are  based 
on  the  resistivity  at  20  degrees  Celsius.  Temperature  coefficients,  a^, 
given  are  applicable  over  a  range  of  ±30  degrees  Celsius  from  the  value 
at  20  degrees.  The  corrected  expression  for  pv  is  then 

P„(T>  s  pv(20)^1  +  Oj(T-20)] 

Reference  8  gives  an  empirical  expression  for  the  total  alternating 
current  power  losses  in  a  closed  path  magnetic  circuit  from  all  sources 
in  the  form  of  a  loss  resistance,  Rp. 

R. 

r^T  *  u(g  +  h8max)  +  ukfc* 

Empirical  coefficients  are  as  follows: 
g  3  residual  coefficient 
h  *  hysteresis  coefficient 
k  s  eddy  current  coefficient 

In  Table  4,  the  value  kg  is  for  core  laminations  of  .006  inch 
thickness  (t»  .006),  and  k^  is  for. 014  inch  thickness  laminations. 

This  expression  is  useful  in  relating  the  contributions  of  each  type 
magnetic  process  to  the  degradation  of  the  quality  factor  or  energy 
storage  efficiency,  “Q,"  of  the  inductor.  3y  definition, 


HANDBOOK  DATA  --  MAGNETIC  ALLOY  RESISTIVITY 


und  versus  sheet  thickness.  Reference 
percent  Molybdenum,  compressed  into  s 
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The  frequency  and  lamination  thickness  have  a  strong  effect  on  eddy 
current  losses,  which  is  evident  from  both  forms  of  the  loss 
relationship.  The  selection  by  the  authors  of  References  10  and  23  of 
a  58  percent  iron  and  42  percent  nickel  alloy  for  VR  transducer 
construction  seems  to  have  been  based  on  the  expected  benefits  of  a 
minimum  temperature  coefficient,  a-p  accompanied  by  a  high  value  of  pv> 
such  as  is  listed  for  “NILVAR"  and  other  iron-nickel  alloys  of 
approximately  60-40  composition. 

The  one  ohm-centimeter  resistivity  and  low  k  coefficient  of  the 
alloy  particle  core  material  (“ferrite")  is  necessary  for  efficiency  at 
high  frequencies.  The  highest  value  of  p  for  a  solid  magnetic  material 
found  in  reference  sources  was  90  microhm-centimeters  (90  x  10  ohm- 
meters).  Since  VR  transducers  are  usually  manufactured  of  materials 
chosen  for  corrosion  resistance  and  structural  qualities  rather  than 
their  magnetic  properties,  commonly  available  handbook  data  are  more  of 
value  to  illustrate  principles  rather  than  to  aid  in  design. 

Oue  to  the  real  power  dissipative  nature  of  the  eddy  current  effect, 
the  DC  analog  in  Figures  11  and  15  is  of  little  value  in  showing  its 
influence  on  the  electrical  output  of  the  VR  transducer.  In  Figure  24, 
the  AC  analog  is  shown  with  both  real  and  reactive  elements.  The  eddy 
current  effects  appear  as  the  lumped  resistances  Rp,  R$',  and  R$,  which 
have  been  shown  to  be  sensitive  to  geometry,  temperature  and  frequency. 
The  AC  resistance  of  the  coils,  Rc,  is  also  shown.  This  representation 
brings  out  the  weakening  effect  the  eddy  currents  have  on  the  coupling 
between  the  pressure  stimulus,  applied  at  and  L2,  and  the  useful 
electrical  output  appearing  at  and  I2-  A  literal  representation  of 
the  output  voltage  generation  mechanism  has  also  been  added  in  Figure 
24-b.  The  ammeters,  I ^  and  I2»  have  been  replaced  by  the  current 
transformers,  CT-1  and  CT-2,  which  convert  the  currents  to  voltages. 
These  voltage  outputs  are  connected  differentially  to  yield  an  output  EQ 
which  is  proportional  to  1^  -  I 
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The  results  of  experiments  performed  to  measure  overall 
transduction  characteristics  of  the  transducers  also  served  to  verify 
the  accuracy  and  completeness  of  this  electrical  model.  Those  results 
are  presented  in  Section  X. 

The  effect  of  temperature  on  the  resistance  of  eddy  current 
systems  has  been  put  to  use  in  the  design  of  electrical  temperature  and 
heat  flux  sensors. 
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SECTION  VIII 

EFFECTS  OF  THE  SIGNAL  PROCESSOR  ON  THE 
COMPLETE  TRANSDUCER  OUTPUT 

In  Section  IV,  time  functions  were  used  to  develop  the  various 
discrete  terms  of  the  electrical  output  signal,  r(t),  resulting  from 
multiplication  processing  of  the  signal  from  a  VR  transducer  responding 
to  a  generalized  input  pressure,  p(t).  The  form  of  this  pressure 
signal,  p(t)coswct,  has  a  frequency  domain  counterpart  (Fourier 
transform)  given  by  P(«)  *[«(«-ojc)  +6(u>+wc)],  where  the  symbol  * 
represents  the  convolution  operation  and  5  is  the  Dirac  impulse 
function.  (Reference  14,  page  73)  In  contrast  with  the  piece-meal 
results  obtained  with  time  functions  in  Section  IV,  the  frequency  domain 
output  function  shown  as  R(o»)  in  Figure  8  concisely  presents  all  sum  and 
difference  frequency  components  in  the  output.  This  is  given  in 
Reference  14,  page  163,  as 

R(o>)  =  F{p(t )cosojct* f2(t )}  »  it [ P (w -oj c )  +  P(w-Ko  )]  *F{ f 2 ( t )} 

+  00 

=  TTEF?(m){p[w-(m+l  )«  ]  +  P[o>-(m-l)a>  ]} 
u  c  c 

m*  -  ® 


^(m)  is  the  discrete  term  series  form  of  the  transformed  periodic 
multiplying  function  f 2 C t ) . 

The  context  in  which  this  expression  appears  in  the  cited  reference 
is  the  definition  of  the  spectrum  of  a  demodulated  double-sideband 
suppressed  carrier  (DSSC)  amplitude  modulated  radio  signal.  It  has  the 
advantage  of  being  concise  and  philosophically  complete.  It  contains 
all  phase  and  amplitude  information  and  snows  clearly  the  sum  and 
difference  nature  of  the  frequency  components.  It  would  be  particularly 
useful  in  cases  where  the  pressure  contains  fluctuating  components 
definable  only  in  statistical  terms. 
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Where  stationary  measurements  and  adjustments  on  real  equipment 
must  be  dealt  with,  time  functions  are  more  accessible.  They  proved  to 
be  more  useful  because  the  critical  part  of  the  test  work  was  concerned 
with  measurements  at  or  near  the  <*» a  0  axis.  The  "harmonic"  components 
which  contribute  little  to  the  translated  output  function,  r,  can 
readily  be  identified  by  inspection.  The  array  of  products  contributing 
to  the  output  is  shown  in  Figure  25.  Thus,  an  end-to-end  channel 
calibration  in  the  conventional  meaning  of  volts  output  per  unit  applied 
pressure  is  obtained.  It  can  be  seen  that  the  simplified  sensitivity 
factor,  n  ,  of  the  ideal  VR  pressure  transducer  considered  in  Section  II 
has  no  precise  meaning  when  standing  alone. 

Those  products  averaging  to  zero,  shown  as  the  shaded  area  in 
Figure  25,  constitute  the  nondata  signal  energy  ep  which  is  normally 
discarded  by  means  of  output  filters  or  lost  in  the  readout  or  data 
recording  device  due  to  its  finite  bandwidth.  Another  source  of 
undesirable  processor  output  is  quadrature  components  of  transducer 
output  identified  by  the  amp  1  itude  coefficients  A1 ,  B1 ,  C',  and  so  on. 

All  processor  outputs  due  to  these  components  also  average  to  zero  since 
they  are  of  the  form  sin  u.cos  u  *  ^ — “.  Thus,  they  do  not  contribute 
to  the  desired  signal,  r.  They  do,  however,  contribute  to  the  total 
scalar  signal  amplitude  tx2  +  (X1)2]  ^within  the  signal  conditioner. 

This  quantity  is  the  length  or  amplitude  of  the  signal  phasor  which  will 
be  identified  as  k^y  It  can  easily  be  measured  using  commonplace 
electrical  instruments.  Since  signal  amplitudes  are  often  maintained 
within  proper  equipment  operating  limits  by  observations  of  r,  the 
possibility  exists  that  these  quadrature  signals  could  reach  excessively 
high  amplitudes  due  to  improper  equipment  adjustments  or  malfunction 
without  being  detected.  The  signal  amplifier  portion  of  the  signal 
conditioner  could  be  driven  into  a  nonlinear  mode,  causing  amplitude 
errors  and  spurious  modulation  products.  If  the  amplifier  has 
sufficient  operating  range  to  handle  these  overloads,  the  processed 
signal  still  could  be  in  error  in  the  event  that  the  signal  amplitude 
approaches  or  exceeds  that  of  the  multiplier  function  f ^ ( t ) . 
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Large  steady  state  quadrature  signals  may  be  detected  and  removed 
by  providing  a  signal  level  indicator  which  indicates  the  average,  peak 
or  other  value  characteristic  of  the  total  signal  amplitude.  Such  an 
indicator  is  often  provided  in  equipment  to  simplify  the  adjustment  of 
the  transducer  input  circuitry,  although  they  are  used  mainly  for  fine 
adjustments  about  zero.  Standard  practice  is  to  establish  zero 
measurand  conditions  on  the  transducer  and  adjust  the  electrical  circuit 
to  give  an  indication  of  zero  signal.  The  indication  given  by  a  half¬ 
wave  rectifier  type  voltmeter  is  the  running  average  value  of  the  sum  of 
the  fundamental  and  harmonics.  This  value  at  a  given  pressure  input 
Pkis  given  by 

n^  C.  E.  G, 

\/  .  ‘  r<  .  k  ,  k 


—  TA  +  *  +  k  .  k  ,  ,, 

it  L\  +  3”  3“  7“  •  •  *3  volts 


The  indication  will  be  twice  this  value  for  a  full  wave  rectifier. 

Normal  equipment  design  practice  is  to  provide  nulling  adjustments  for 
the  fundamental  frequency  only.  These  circuits  add  fundamental 
frequency  voltages  of  magnitude  U  and  U'.  Since  the  harmonic  content  of 
the  transducer  is  not  zero,  as  would  be  the  case  with  resistive  or 
capacitive  transducers,  a  zero  indication  will  be  obtained  when 

Only  in  the  case  where  the  harmonic  coefficients  are  zero  can  a  true 
null  be  obtained.  A  "null"  condition  requires  that  AQ  *  u  and  »  u ' . 

Signal  amplitude  indicators  such  as  neon  lamps  or  light-emitting 
diodes  (LED)  may  be  used  instead  of  a  meter,  but  these  devices  will 
respond  to  low  duty  cycle  noise  pulses  as  well  as  the  instantaneous  sum 
of  the  signal  components. 


The  frequency  translated  signal  processor  output  in  response  to  a 
given  steady  state  pressure  load  condition,  P^,  is 

.  _  2n,  ,,  ck  .  Ek  Gk  .  . 
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If  U  and  U'  have  been  adjusted  with  Pk  =  0  to  yield  Vind  =  0,  AQ/0 

G 

and  [-j2-  +  -2.  +  ^2.]  f  o.  T^en  r0is  not  zero,  and  the  signal  conditioner 
will  produce  an  output  which  is  undesirable.  This  output  is  mainly  due 

-2Ck 

to  the  term  3^ 1 •  For  convenience,  and  in  the  interest  of  simulating  as 
nearly  as  possible  the  "bridge  balancing"  operation  in  DC  resistive 
strain  gage  data  channels,  some  FTSC  equipment  is  designed  with  an 
integral,  highly  selective  notch  filter  which  reduces  Ck  and  C^'  to 
nearly  zero.  This  expedient  introduces  a  number  of  complications  in 
equipment  design  and  operation.  The  most  serious  of  these  is  the 
requirement  for  frequency  stability  of  both  the  notch  frequency  and  the 
frequency  of  the  excitation  oscillator,  or  for  precise  tracking  of  the 
two.  Other  complications  are  the  effects  of  the  non-ideal  phase  and 
amplitude  transfer  characteristics  of  the  filter  at  the  fundamental 
frequency.  These  practical  equipment  design  problems  are  discussed  in 
Section  X. 


The  discussion  of  the  output  signals  in  a  transducer  and  signal 
processor  in  Section  IV  was  based  on  the  use  of  the  transducer  output 
fundamental  component  as  the  phase  reference.  This  is  equivalent  to 
equating  to  zero  the  coefficient  for  the  quadrature  component,  A^,  in 
Table  3  and  adjusting  all  the  other  amplitudes  accordingly.  Since  there 
is  no  assurance  that  the  output  of  a  real  VR  transducer  will  be  in  phase 
with  the  excitation  voltage,  Vx,  or  that  it  will  remain  constant  in 
phase  at  all  pressure  load  values,  the  phase  reference  when  real 
equipment  is  being  considered  will  be  taken  as  Vx-  The  phase 
relationships  of  the  signal  with  respect  to  the  modulating  signal,  f 2 ( t ; 
from  Section  IV,  must  also  be  considered.  For  simplification,  only  the 
fundamental  of  the  signal  will  be  considered.  The  vector  relationships 


are  illustrated  in  Figure  26.  The  phasor,  V  ,  represents  the 
undesirable  output  of  the  transducer  and  input  network  at  zero  pressure 

applied,  having  a  magnitude  [A2  +  A  )2]^2  and  a  phase  angle  tan*^ 

.......  0 

The  initial  settings  of  and  8^  shown  in  Figure  26a  are  incorrect. 

In  Figure  26b,  they  are  shown  after  adjustment  to  be  equal  and  opposite 

to  V  .  It  is  now  necessary  to  impose  a  trial  pressure  load  on  the 
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transducer,  causing  the  output  signal  Vs<  The  value  of  processor  output, 
r,  will  be  maximum  when  the  phase  of  either  V^  or  V^  is  adjusted  until  the 
phasors  for  7e  and  coincide  as  shown  in  Figure  26b.  This  is  the 


S  n  ^ 

condition  for  which  cos  (e.  -  eu)  =  -x — a 


c^o  +  j 


2il/2 


s  1 .  This  operation 


is  commonly  referred  to  as  adjusting  the  "reference  phase."  Once  it  is 
accomplished,  the  trial  load  is  removed  and  the  indication  of  rQ  will 
return  to  some  value  which  differs  from  zero  to  the  extent  that  harmonic 
products  are  present.  It  is  then  customary  to  "trim  up"  the  adjustments 
of  oN  and  eN  to  achieve  a  presentable  approximation  to  zero  output.  The 
equipment  is  then  ready  for  taking  data.  Figure  26b  shows  the  phase 
angle,  8^,  of  the  modulation  function,  as  the  adjusted  variable, 
rather  than  that  of  the  signal,  V^.  This  is  preferable  in  practice 
because  the  exact  amplitude  of  ?M,  corresponding  to  VR  in  Figure  10, 
is  not  critical,  and  a  simple  phase  shift  circuit  which  could  not  maintain 
a  constant  value  of  would  require  extensive  trial  resettings  of  gain 
and  phase  adjustments  to  achieve  the  desired  channel  calibration.  This 
approach  would  also  introduce  more  components  in  the  signal  channel  which 
could  cause  drift  of  n2  or  increase  cost  and  complexity. 


The  foregoing  analysis  of  the  signals  and  adjustments  affecting  the 
processed  signal  output,  r,  shows  that  all  components  in  the  output  of  a 
mechanically  ideal  transducer  and  FTSC  comprise  a  true,  repeatable  form 
of  pressure  analog.  The  signal  processing  operation  on  all  these 
components  is  consistent  and  predictable  given  a  few  simple  constraints 
on  equipment  design. 


The  LVOT  is  a  device  with  a  predominantly  air  magnetic  circuit. 

The  magnetic  core  only  serves  to  control  the  geometry  of  the  flux  lines 
connecting  the  primary,  which  is  supplied  with  the  excitation  voltage, 
with  the  secondary  (output)  windings.  As  a  result,  the  excitation 
frequency  phase  shifts  and  harmonic  output  in  the  LVOT  are  much  smaller 
and  more  predictable  than  those  of  a  VR  pressure  transducer.  Signal 
conditioners  for  use  with  LVOTs  do  not  usually  include  the  relatively 
elaborate  phase  shift  and  harmonic  reduction  circuits  provided  in  signal 
conditioners  intended  for  use  with  VR  transducers.  A  more  detailed 
discussion  of  the  LVOT  and  signal  conditioners  designed  expressly  for 
them  is  contained  in  Reference  27. 
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SECTION  IX 

EQUIPMENT  OESIGN  CONSIDERATIONS  - 
SIGNAL  CONDITIONERS 

The  two  necessary  functional  elements  of  a  frequency  translating 
signal  conditioner  (FTSC)  are 

-  Excitation  Voltage  Generator 

-  Two-Input  AC  Voltage  Multiplier  (Figure  9)  or  its  equivalent. 

Practical  considerations  often  result  in  provisions  for  these 
additional  functions: 

-  Signal  Voltage  Scaling  -  Variable  gain  AC  amplification. 
Transformer  ratios  and  variable  voltage  dividers  in  forward  signal  paths 
or  feedback  paths  also  implement  this  function. 

-  Offset  Correction  Adjustments  -  Amplitude  and  phase  adjustments 
and  means  to  sum  the  voltages  U  and  U'  with  the  signal  XQ  and  X^.  These 
are  normally  provided  to  cause  the  FTO  to  be  zero  when  applied  pressure 
is  zero.  They  could  conceivably  be  used  to  provide  controllable  zero 
offset  instead. 

-  Phasor  Control  -  Phase  shifters  to  adjust  the  relative  phases  of 
Vx  and  VM.  ("Reference  Phase") 

Depending  upon  the  particular  application,  the  following  design 
options  or  convenience  features  may  be  added: 

-  Transformer  isolation  of  the  input  circuit  from  electronics 
common  (ground)  and/or  power  line;  and/or, 

-  Transformer  isolation  of  the  FTO  circuit, 

-  Scalar  signal  amplitude  indicator, 
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-  Scalar  signal  amplitude  limiter, 

-  Selection  of  input  circuit  configuration  for  1-,  2-,  or  4-arm 
transducers, 

-  Harmonic  rejection  networks, 

-  Excitation  power  distribution  schemes  to  operate  more  than  one 
transducer/conditioner  set  from  a  common  source  of  Vx> 

-  Isolation/distribution  schemes  to  provide  a  number  of  separate, 
independent  output  signals  (“fan-out")  from  one  transducer. 

The  precision  of  the  FTSC  standing  alone  is  determined  by  the 
stability  of 

-  Excitation  voltage  amplitude,  Vx 

-  Multiplier  "transfer  function," 

-  Amplification  or  scaling  factor  H2  =  Re(n2) 

-  Input/output  phase  relationships,  1y  in  the  gain  electronics  at 
the  frequencies  m  Z^c,  3^.  -  .  .  nuc,  as  shown  in  Figure  4. 

In  terms  of  critical  components  required  for  construction,  the 
precision  of  a  signal  conditioner  is  dependent  on  the  stability  of: 

-  Signal  amplifier  gain  and  phase  relationships 

-  Resistors  and  capacitors  in  'the  phase  shifting  and  coupling 
networks 

-  The  transfer  function  of  the  multiplier  functional  block,  n^. 

In  the  case  of  the  transformer  coupled  diode  ring  of  Figure  10,  this 
usually  reduces  to  stability  of  resistors  and  of  the  current/voltage* 
relationships  in  the  diodes. 

The  addition  of  circuits  providing  design  options  and  operating 
refinements  does  not  introduce  any  other  type  of  component  stability 
problem.  Only  the  parts  count  is  increased. 
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The  additional  performance  uncertainties  introduced  when  combining 
the  signal  conditioner  and  VR  transducer  are: 

-  Effects  of  changes  in  the  transducer  as  a  load  upon  the 
excitation  source.  These  effects  can  be  minimized  or  eliminated  by 
keeping  the  excitation  source  impedance  low. 

-  Loading  effects  of  the  input  circuit  of  the  FTSC  on  the  transducer. 
These  can  be  minimized  by  keeping  the  impedance  of  the  input  circuit 
high. 

-  Effects  of  cable  capacitances  upon  the  transducer  and  input  net¬ 
work.  These  can  be  minimized  by  keeping  the  transducer  impedance  low. 

-  Factors  which  affect  the  overall  frequency  response  of  the  trans¬ 
duction-processing  chain  in  the  original  or  untranslated  (''baseband") 
frequency  regime,  often  referred  to  in  the  vernacular  as  the  "dynamic" 
response  of  the  system.  These  effects  are  not  readily  evident  from  the 
analysis  of  steady  state  performance. 

Contributing  factors  to  the  overall  data  frequency  response,  aside 
from  the  transducer  mechanical  and  pneumatic  response,  are  the  gain- 
frequency  and  phase-frequency  relationships  of  the  transducer  input 
network  and  signal  amplifier  and,  if  used,  the  amplitude  and  phase 
characteristic  of  the  output  filter  following  the  multiplier  processor 
("demodulator").  Since  the  transducer  input  network  and  amplifier 
operate  in  the  translated  frequency  (“c)  domain,  their  effects  on 
frequency  response  in  the  data  frequency  ^)  domain  may  be  over¬ 
looked.  Since  they  arise  mainly  out  of  practical  circuit 
considerations,  they  will  be  discussed  with  the  experimental  work 
described  in  Section  X. 

One  system  packaging  approach  results  in  the  assumption  of 
responsibil ity  for  all  of  these  system  response  considerations  by  the 
equipment  manuf acturer .  This  approach  is  to  enclose  the  transducer  and 
signal  conditioner  (mainly  electronic  circuitry)  in  a  single  package. 

The  result  is  a  product  described  as  a  "DC  In  -  DC  Out"  transducer. 
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These  transducers  provide  the  range  sensitivity  and  other  advantages  of 
the  VR  transducer,  without  the  application  complexity.  The  output  signal 
level  is  high  enough  to  feed  most  data  acquisition  system  inputs  (high 
level  multiplexers)  directly.  The  data  frequency  response  capability  of 
these  units  is  usually  confined  to  the  quasi-steady  state  range,  hence 
the  name  "DC  Out."  These  units  are  not  entirely  free  of  "twiddlepot" 
adjustments.  Several  models  inspected  had  recessed  screw  adjustments 
for  "span"  and  "zero."  Application  problems  likely  to  be  encountered 
with  these  transducers  are  limited  to  those  resulting  from  location  of 
the  electronics  in  hostile  environments  normally  encountered  by  the 
transducer  alone,  and  from  system  complications  which  may  arise  from 
operating  more  than  one  transducer  from  the  same  power  supply  (usually 
28  volts  DC)  or  with  common  grounds  on  the  transducer  or  data  system 
input  circuit. 

The  equipment  configuration  which  can  provide  optimum  performance 
and  allows  the  system  designer  the  greatest  amount  of  freedom  also 
requires  of  the  user  a  comprehension  of  the  underlying  principles  of  the 
"carrier"  technique.  The  open  channel  or  "knob  job"  equipment 
configuration  consists  of  an  interchangeable  transducer,  a  connecting 
cable  of  arbitrary  length,  and  an  FTSC  having  an  elaborate  set  of  circuit 
adjustments  and  indicators  to  accommodate  midstream  changes  in  the 
transducer  system.  (Reference  28)  This  approach  is  often  used  in  test 
instrumentation  equipment  intended  for  use  in  ground  test  facilities. 

It  provides  great  operating  flexibility  and  avoids  imposing  a 
requirement  for  ruggedness  on  anything  but  the  transducerand  pneumatic 
system.  The  pneumatic  system  often  includes  selector  valves  for 
applying  zero  pressure  differential  and  various  calibration  pressures, 
tubing  disconnects  for  changing  system  configuration,  and  often 
transducer  heaters  or  coolers.  The  transducers  are  often  mounted  as  an 
integral  mechanical  part  of  the  pneumatic  system  hardware.  Many  of  the 
line  switching  functions  are  remotely  and/or  automatically  operated  by 
solenoids  or  pneumatic  actuators.  The  signal  conditioner  may  be  located 
remotely  in  a  benign  environment,  near  a  wide  variety  of  signal 
monitoring  and  recording  devices. 
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The  internal  architecture  of  an  FTSC  of  this  kind  which  can  provide 
optimum  measurement  precision  when  used  with  a  VR  transducer,  is  shown 
in  Figure  27.  Many  commercial  equipment  designs  have  been  based  on  this 
scheme  in  the  past.  A  common  source  (oscillator)  supplies  the 
excitation  voltage  and  the  multiplier  signal,  VM  coswct.  In  addition  to 
providing  the  previously  explained  advantages  of  transformers,  their  use 
makes  possible  a  marked  decrease  in  the  numLer  of  active  electronic 
devices  in  the  system.  Unlike  vacuum  tubes  and  transformers,  the 
control  of  operating  parameters  of  semiconductor  oavices  throughout 
their  useful  life  is  subject  to  many  unpredictable  variables,  such  as 
source  selection  and  initial  screening  test  procedures,  which  must  be 
included  in  the  first  cost  of  the  equipment.  Thus,  it  is  in  the 
interest  of  reliability  that  the  performance  requirements  for  these 
devices  be  relaxed  by  simplifying  the  electronics  to  the  greatest  extent 
possible. 

When  using  transformers ,  the  effects  of  temperature  on  the  magnetic 
properties  of  the  core  and  on  copper  resistance  must  be  considered. 
Transformers  of  conventional  laminated  core  and  coil  design  operate  at 
peak  efficiency  from  400  to  20,000  Hertz.  However,  the  core  material 
must  be  high-permeability  alloy  specifically  designed  for  low  power 
operation  at  audio  frequencies.  Four  percent  silicon  steel  used  in 
small  60  hertz  power  transformers  is  not  efficient  and  causes  power 
losses,  phase  shifts  and  poor  voltage  regulation  when  used  in  low  power 
signal  circuits.  Should  VR  transducers  be  developed  which  will  operate 
at  higher  frequencies,  transformer  design  is  simplified,  since  particle 
cores  and  torroidal  shapes  can  be  used. 

To  achieve  a  relatively  high  (+5  volts)  FTO  at  low  impedance,  the 
high  level  demodulator  of  Figure  10  must  dissipate  considerable  power. 
The  low-1  evel  demodul ator  followed  by  a  DC  data  amplifier  power  output 
stage  is  often  used.  It  may  appear  more  efficient  if  the  DC  power 
supply  requirements  are  not  considered  at  the  same  time.  The 
requirements  for  isolation,  regulation  and  current  capacity  in  the  DC 
power  supply  for  a  DC  data  amplifier  are  considerably  more  stringent 
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Figure  27.  Internal  Architecture  -  Frequency  Translating  Signal  Conditioner 
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than  those  for  an  AC  signal  amplifier.  Moreover,  the  isolation  between 
channels  and  from  power  line  is  accomplished  at  a  point  involving  a 
larger,  less  efficient  60  hertz  power  transformer  connected  to  the  115 
volt  AC  power  distribution  system.  One  transformer  and  regulator  are 
required  per  channel  for  isolation,  whereas  all  electronics  for  any 
number  of  high-level  demodulation  FTSC's  may  be  fed  from  a  common  DC 
supply  without  affecting  FTO  isolation.  In  normal  circumstances, 
regulation  of  the  DC  voltage  will  be  much  less  critical. 

If  system  requirements  dictate  a  large  voltage  output  signal  at  a 
very  low  impedance,  the  best  design  approach  may  be  to  obtain  all  the 
voltage  gain  in  the  AC  circuits  and  use  the  DC  amplifier  only  for 
current  gain  (Impedance  reduction).  Zero  and  span  drift  and  noise 
problems  with  such  low  gain  DC  amplifiers  are  minimal. 

An  interesting  variation  of  the  amplifier-multiplier  FTSC  is  shown 
conceptually  in  Figure  28.  It  was  used  in  an  equipment  design  in  the 
early  history  of  electronic  instrumentation  and  serves  to  illustrate  the 
underlying  communications  system  principles.  A  fixed  carrier  signal, 

V  ■  a_cos“>rt,  which  Is  large  compared  to  the  maximum  transducer  output, 
is  summed  in-phase  with  the  transducer  signal,  V$,  creating  a  full  AM 
signal  like  that  shown  in  Figure  5(c).  The  signal  in  the  transmission 
medium  then  becomes  [acn2+n^2(Ps+PfCOS<^t)Jcoswct.  The  multiplication 
process  then  can  be  performed,  after  amplification,  with  a  simple 
rectifier,  since  the  sum  signal  never  reverses  phase.  This  "de¬ 
modulation"  process  can  therefore  be  thought  of  as  "self-synchronous" 
and  the  second  wire  for  the  reference  signal  is  not  needed.  The 
rectified  form  of  the  received  carrier  component,  V^cosu)ct  in  Figure 

5(c),  is  a  large  fixed  DC  offset  component,  n.v1.  In  order  to  shift  the 

J  M 

FTO  at  zero-measurand  transducer  output  back  down  to  zero  volts,  it  is 
"bucked  out"  potent iometri call y  with  a  fixed  D.C.  supply,  Vg^ 

1.  In  AM  radio  receivers,  this  steady  state  component  is  separated  from 
the  audio  modulation  with  an  R-C  network.  It  can  be  used  to  adjust  the 
gain  (sensitivity),  r^.  of  the  amplifier  portion  of  the  receiver 

inversely  with  received  signal  and  sometimes  to  actuate  a  signal 
strength  "S"  meter.  ' 
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This  FTSC  had  some  serious  practical  limitations.  Circuitry  used  to 
develop  the  various  AC  and  DC  signals  which  affect  the  precision  of  the 
processing  operation  was  not  sufficiently  stable.  8ulky,  inefficient 
vacuum  tube  amplifier  and  oscillator  circuits  were  used.  A  four-channel 
package  weighed  over  a  hundred  pounds.  Rectifiers  were  unstable  devices 
using  sulfides  and  oxides  of  copper  and  magnesium  (Reference  29}  and  the 
stability  of  the  DC  offset  supply,  Vg,  was  unsatisfactory.  Operation  of 
the  system  is  illustrated  by  means  of  the  input/output  curve  of  Figure 
28.  The  linear  operating  range  of  the  signal  amplifier  must  extend  to 
include  the  combined  amplitude  of  VR  and  of  Figure  10.  Due  to  the 
power-limited  circuitry  used  in  the  equipment,  signals  of  unexpectedly 
large  amplitude  sometimes  caused  a  confusing  output  signal.  The  output 
in  extreme  cases  would  fold  over  and  reverse  polarity  with  increasing 
input  signal  without  being  detected.  The  equipment  fell  into  disuse  for 
these  reasons.  Using  present  day  circuit  technology,  these  performance 
inadequacies  are  easily  correctable.  The  residual  offset  could  be 
utilized  in  many  applications  requiring  a  suppressed  zero.  This 
approach  does  not  suffer  the  power  losses  In  current  limiting  resistors 
as  does  the  ring  modulator  of  Figure  10.  A  very  low  output  impedance 
may  be  obtained  at  high  output  voltage  levels.  The  rectifier  diodes 
will  be  operating  at  a  large  signal  level,  insuring  linearity.  This 
approach  to  FTSC  design  is  explained  in  more  practical  detail  in 
Appendix  D. 

A  characteristic  of  all  forms  of  AC  signal  conditioners  is  the  loss 
of  the  Individual  identities  of  the  various  internal  signal  voltages  and 
their  phase  relationships.  Once  they  are  summed,  they  cannot  easily  be 
resolved  into  their  original  components.  This  complicates  the  work  of 
troubleshooting  installed  data  channels.  One  procedure  which  was 
helpful  in  speeding  up  pre-test  channel  adjustments  and  diagnostics  is 
described  in  Section  X.  It  consists  of  examining  both  the  phase  and 
amplitude  of  various  signal  voltages  within  the  signal  conditioner  at 
specially  selected  test  points  with  a  phase  coherent  voltmeter.  Some  of 
these  test  points  are  shown  in  Figure  27. 
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SECTION  X 

EXPERIMENTAL  RESULTS 

I.  PRELIMINARY  TESTS 

This  evaluation  program  was  initiated  mainly  because  considerable 
difficulty  was  experienced  in  developing  definitive  methods  of  testing 
VR  transducers  for  materiel  acceptance.  Temporary  criteria  were  adopted 
for  processing  a  large  quantity  of  Incoming  units  purchased  from  various 
vendors  for  aerodynamic  test  programs.  These  acceptance  tests  were 
limited  to  obtaining  reasonably  consistent  measurements  of  inductance 
and  "Q"  for  all  units  of  a  given  make  and  model,  holding  the  accessible 
control  parameters,  excitation  voltage  and  frequency,  constant  at  some 
purely  arbitrary  value.  A  standard  impedance  bridge  was  used.  The 
test  apparatus  Is  shown  in  Figure  29,  and  some  typical  test  data  are 
contained  in  Table  5.  A  large  increase  in  null  signal  was  obtained  with 
the  band-pass  filter  switched  out  of  the  detector-amplifier  unit. 
Indicating  a  very  poor  definition  of  balance  in  the  bridge  due  to 
harmonics  in  the  test  circuit.  This  condition  was  interpreted  as  being 
a  basic  Inadequacy  of  the  method,  and  its  use  was  continued  only  as 
a  temporary  expedient.  After  testing  some  150  VR  transducers  of  various 
makes  and  models,  all  units  purchased  were  determined  to  be  free  of 
open,  shorted  or  grounded  coil  windings,  seriously  kinked  center  plates, 
pneumatic  leaks,  and  other  obvious  defects.  This  was  taken  as  an 
indication  that  no  exceptional  manufacturing  problems  are  involved  in 
producing  Inexpensive  transducers  which  perform  acceptably  when  used 
with  certain  "carrier  amplifier"  signal  conditioners.  As  a  management 
expedient,  more  detailed  tests  and  calibrations  were  left  to  be 
performed  as  a  part  of  the  aerodynamic  test  programs.  Successful 
application  of  the  equipment  was  made  possible  in  part  by  the 
availability  of  experienced  circuit  technicians  for  pretest  channel 
rigging  and  troubleshooting.  It  was  determined  that  the  effects  of 
transducer  harmonics,  lead  capacities,  and  signal  phase  relationships 
upon  signal  conditioner  output  were  the  cause  of  some  peculiar  system 
behavior,  making  the  circuit  adjustment  operation  technique-sensitive. 
Establishing  confidence  in  this  equipment  for  more  widespread  use 
required  resolution  of  all  such  uncertainties  in  performance. 
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The  hardware  functional  blocks  necessary  for  implementing  the 
signal  processsing  method  of  Figure  5(b)  are  shown  in  Figure  30. 
Definitive  measurements  of  transducer  output,  v^,  at  any  steady  state 
pressure,  P^,  were  desired.  The  many  variables  introduced  by  use  of  the 
frequency  translating  signal  conditioner  block  were  avoided  by  making 
voltage  measurements  directly  upon  v^* 

The  various  input  circuits  which  can  be  used  to  develop  the  output 
voltage,  v^,  from  the  passive  transducer  are  shown  in  simplified  form  in 
Figure  31.  The  circuit  shown  as  Case  V  is  a  mutually  coupled  bridge 
described  in  References  10  and  30.  This  circuit  is  current  sensitive. 
According  to  the  author  of  Reference  10,  it  was  used  with  good  results 
with  a  capacitive  transducer  at  a  carrier  frequency  of  400  kilohertz. 

The  excitation  voltage  drop  across  the  medium  impedance  windings  of  the 
VR  transducers  available  for  test  proved  to  be  a  serious  disadvantage. 
The  circuit  could  be  used  with  VR  transducers  if  they  were  rewound  with 
low  Impedance  coils;  that  is,  fewer  turns  of  larger  wire.  It  would  then 
be  less  affected  by  shunt  cable  capacitances  than  the  voltage-mode 
circuits.  For  commonly  available  transducers,  such  as  those  tested,  the 
arrangement  shown  as  Case  II  proved  most  desirable.  It  is  the  same  as 
that  shown  In  Figures  1  and  4.  The  only  disadvantage  of  this  circuit  is 
the  need  for  a  center-tapped  supply  transformer,  T^ 

Manuf acturers '  recommendations  for  operating  frequency,  uc»  and 
voltage,  Vx,  are  often  not  explicit.  Some  exploratory  measurements  were 
made  in  an  attempt  to  locate  an  optimum  operating  point.  These 
measurements  were  made  on  the  assumption  that  the  electro-magnetic  and 
electrical  process  efficiency  would  be  bounded  on  the  low  frequency  end 
by  magnetization  (hysteresis)  losses  and  at  the  high  frequencies  by 
increasing  eddy  current  losses.  The  equipment  arrangement  and  plot  of 
the  results  of  this  crude  test  are  shown  in  Figure  32.  Since  the 
generation  of  harmonics  is  also  a  factor  in  the  choice  of  excitation 
frequency  and  voltage,  some  trial  measurements  were  made,  as  illustrated 
in  Figure  33.  The  effects  of  excitation  frequency,  voltage  and  applied 
pressure  are  shown  plotted  in  various  ways  in  Figures  34,  35,  and  36. 
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Figure  32.  Mutual  Inductance  Test  -  Variable  Reluctance  Pressure  Transducer 
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PRESSURE  LOAD  %  FULL  SCALE 
EXCITATION  VOLTAGE  -  7  VOLTS  RMS  AT  FREQUENCIES  fj 

Ft<jUre  35.  Third  Harmonic  Output  -  Transducsr  A-iO 
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Pk  -  PRESSURE  LOAD  %  NAMEPLATE  FULL  SCALE 
EXCITATION  VOLTAGE  -  7  VOLTS  RMS  AT  FREQUENCY  fT 

Figure  36.  Third  Harmonic  Output  -  Transducer  8-01 
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These  simple  tests  showed  that  a  more  detailed  study  of  the  transducer 
as  a  four-terminal  electrical  "black  box"  would  be  necessary  before 
definite  conclusions  as  to  the  best  operating  point,  if  any,  could  be 
drawn. 

2.  ELECTRO-MAGNETIC  PERFORMANCE 

Subsequent  tests  of  this  kind  were  conducted  using  the  equipment 
arrangement  of  Figure  37.  A  typical  set  of  curves  of  "secondary"  output 

voltage  versus  input  frequency  is  presented  in  Figure  38.  Curves  for 

three  of  the  six  values  of  "primary"  input  voltage  are  shown.  The  data 
in  Figure  39  for  transducer  A-01  resulted  from  plotting  the  output-to- 
input  voltage  ratio  against  frequency  at  six  values  of  input  voltage. 

The  data  points  to  the  left  of  the  mid-frequency  "humps"  are  of  limited 
quantitative  value  because  the  coil  is  being  fed  constant  voltage  while 
its  exact  volt-ampere  characteristics  are  uncertain.  The  shape  of  these 
curves  in  this  region  approximates  the  NMC  to  the  degree  that  the 
current  in  the  excited  coil  is  frequency  dependent.  The  nature  of  this 
relationship  is  illustrated  by  means  of  the  low  frequency  model  in 
Figure  40(a) . 

The  curves  such  as  are  shown  in  Figure  39,  therefore,  are  useful  in 

determining  the  minimum  desirable  operating  frequency  and  also  the 

effects  of  the  choice  of  excitation  voltage  at  that  frequency. 

Operation  of  the  transducer  at  points  to  the  left  of  the  "hump"  will 
result  in  high  harmonic  content  in  the  output.  Therefore,  an  operating 
point  to  the  right  of  the  peak  is  desirable.  For  this  reason,  standard 
VR  transducers  cannot  be  used  as  error  sensors  in  AC  servos  operating  at 
common  ground  power  frequencies,  although  such  use  becomes  increasingly 
practical  at  400  and  800  Hertz.  Difficulties  experienced  earlier  in 
making  inductance  measurements  were  evidently  the  result  of  too  high  a 
choice  of  "volts-per-cycle"  in  the  measurement  circuit.  These  curves 
also  show  that  changes  in  excitation  frequency  will  cause  changes  in 
electrical  output  over  and  above  those  which  can  be  accounted  for  by 
analysis  of  the  transducer  circuit  as  a  linear  network  of  R,  L,  and  C 
elements. 
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Figure  37a.  Test  Apparatus  -  Optimum  Operating  Point,  Variable  Reluctance 
Pressure  Transducer 
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Figure  37b.  Schematic  -  Power  Amplifier,  Transducer  Excitation 


FREQUENCY-HERTZ 

Figure  38.  Electro-Magnetic  Performance  -  Transducer  D-01  (Typical) 
Optimum  Operating  Point  Test 
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b)  VERY  HIGH  FREQUENCY  EDDY  CURRENT  EQUIVALENT  CIRCUIT 

Figure  40.  Electrical  Models  of  Magnetic  Effects  -  Variable  Reluctance 
Pressure  Transducer 
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The  voltage  output-input  relationships  of  all  transducers  at 
frequencies  to  the  right  of  the  hump  are. dominated  by  eddy  current 
phenomena.  The  drop  in  output  as  frequency  is  increased  appears  less 
steep  than  might  be  inferred  from  the  frequency-squared  eddy  current 
loss  relationship.  This  is  because  the  eddy  current  resistance  network 
affecting  the  input-output  ratio,  shown  in  Figure  24,  has  a  shunt 
component,  Rp,  as  well  as  the  series  component,  R$.  The  sharp  peak  in 
output  at  the  high  frequency  end  In  the  curve  of  Figure  38  is  due  to  the 
parallel  resonance  of  the  total  circuit  which  is  shown  in  simplified 
form  in  Figure  40(b).  As  the  frequency  is  Increased,  both  the  shunt 
and  series  components  of  eddy  current  resistance  rise  rapidly  until,  at 
the  frequency  of  resonance,  the  circuit  becomes  an  undamped  parallel 
combination  of  circuit  and  lead  capacitances  and  the  coil  inductance, 
loosely  coupled  to  the  signal  generator  by  the  very  high  resistance 
(Rs  +  R's). 

At  intermediate  frequencies,  the  exact  shape  of  the  curves  is  due 
to  the  geometry  of  the  magnetic  circuit,  particularly  the  ratio  of 
length  to  area  of  the  metal  in  the  flux  path.  Curves  for  three  types  of 
transducers  rated  at  0.5  PSID  nameplate  full  scale  (NFS)  are  shown  in 
Figures  41,  42,  and  43.  The  complex  Interaction  of  main  path  flux  and 
that  penetrating  the  center  plate  is  most  evident  in  the  curves  for 
transducers  8-01  and  C-05  which  have  relatively  thin  CPs.  They  show  an 
output  which  does  not  drop  nearly  as  rapidly  with  frequency  as  do  the 
units  with  center  plates  of  "normal"  thickness.  The  eddy  current  losses 
in  the  CP  volume  bounded  by  rg  and  t  in  Figure  13  are  evidently  reduced 
greatly  because  the  relatively  thin  CP  restricts  the  size  of  the 
current  in  the  loops  shown  as  T  in  Figure  23. 

The  curves  of  Figures  44  and  45  are  for  a  very  small  transducer 
rated  at  5  PSIO  NFS.  All  four  coil  terminals  were  accessible,  making 
possible  either  coil  connection  polarity.  The  connections  used  in  the 
test  of  Figure  44  are  those  which  cause  flux  subtraction  in  the  CP.  The 
eddy  current  density  in  the  CP  is  therefore  much  less  than  in  the  flux 
addition  case  of  Figure  45.  This  reduces  the  eddy  current  losses  and 
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41 .  Electro-Magnetic  Performance  -  Transducer 


Figure  42.  Electro-Magnetic  Performance  -  Transducer  B-01 


44.  Electro-Magnetic  Performance  -Transducer  0-01 ,  Voltage  Aiding  Connection 
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causes  the  output/input  voltage  ratio  to  maintain  its  relatively  high 
value  up  to  the  10  kilohertz  region,  particularly  at  low  values  of 
excitation  voltage.  This  result  indicates  that  the  most  influential 
contributor  to  eddy  current  effects  is  the  center  plate,  since  the  flux 
density  in  the  body  material  is  relatively  low  in  either  case. 

The  importance  of  controlling  eddy  current  losses  derives  from  the 
environmental  effects  upon  the  individual  resistances  shown  in  Figure 
24.  These  problems  increase  rapidly  with  frequency.  Attempting  to 
maintain  output  by  increasing  the  excitation  voltage  will  aggravate  this 
condition.  The  condition  often  referred  to  as  zero  drift  is  actually 
a  change  in  output  when  the  zero  measurand  output  of  the  transducer  is 
not  zero.  This  is  a  natural  condition  which  is  often  overlooked  when 
guided  by  the  prevalent  concept  of  an  inherently  balanced  "bridge.1' 

Operating  a  transducer  in  the  region  where  the  output- input  curves 
are  most  regular  and  evenly  spaced  will  minimize  the  effects  upon  output 
of  shifts  in  frequency  and  voltage  in  the  excitation  supply.  Using  this 
criterion,  operating  points  chosen  for  all  transducers  fell  in  the  2  to 
5  kilohertz  region  at  1  to  3  volts  per  coil  (not  total).  These 
frequency  values  are  close  to  those  used  in  commonly  available 
equipment.  Excitation  voltage  values  selected  are  somewhat  lower  than 
those  in  common  use,  since  reduction  of  harmonics  seems  more  desirable 
than  the  additional  voltage  output.  These  curves  indicate  that  ouput 
sensitivity  is  not  necessarily  linear  with  excitation  voltage,  and  a 
calibration  at  one  value  should  not  be  used  at  another  voltage  by  making 

a  simple  ratio  correction.  Curves  in  Figures  46  and  47  are  for  large 

transducers  weighing  almost  two  pounds  and  having  center  plates  of 
normal  thickness-.  The  frequency  location  of  the  "humps"  in  these  curves 
is  very  little  different  from  that  for  the  19  gram  transducer  0-01, 
shown  in  Figure  44  and  45.  This  is  consistent  with  previous  evidence 

that  magnetic  path  cross-section  shape  (aspect  ratio)  is  the  controlling 

factor  in  eddy  current  effects  rather  than  total  volume  or  mass.  Figure 
48  shows  the  output-input  behavior  of  transducer  F-01,  which  is  not  a 
classical  type  of  transducer.  The  sensing  element  is  a  laminated  E-core 
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such  as  is  described  in  References  5  and  6.  As  a  result,  its  electrical 
performance  is  much  like  that  of  an  audio  transformer  of  comparable 
size. 

3.  COIL  IMPEDANCE  MEASUREMENTS 

The  electrical  impedance  of  the  coils  of  the  VR  transducer  affects 
its  performance  when  connected  to  a  signal  conditioner.  The  following 
factors  must  be  considered: 

-  The  volt-ampere  load  imposed  on  the  excitation  power  supply 

-  The  signal  source  impedance  represented  by  the  transducer  and  the 
input  network 

-  The  relative  magnitude  of  the  various  resistive  components; 
namely,  eddy  current,  skin  effect,  OC  coil  resistance  and  hysteresis 
loss 

-  The  relative  magnitude  of  reactive  and  resistive  components  of 
impedance  and  their  effect  on  the  magnitude  and  phase  angle  of  the 
electrical  output  signal 

Single-coil  values  of  test  voltage,  Vy,  and  frequency,  wy,  for 
making  impedance  measurements  were  chosen  based  on  the  results  of 
previous  tests.  In  some  cases,  measurements  at  higher  frequencies  or 
voltages  were  made  for  comparison.  In  all  cases,  operation  at  values 
likely  to  result  in  high  harmonic  output  were  avoided.  The  equipment 
arrangement  and  method  of  calculation  are  shown  in  Figures  49  and  50, 
respectively.  The  resulting  impedance  data  are  summarized  in  Table  6. 
Coil  connection  "polarity"  was  determined  by  measuring  the  impedance  of 
one  coil  alone,  Zc,  and  then  the  series  combination,  Zy.  The  result  is 
presented  in  the  form  of  calculated  mutual  inductance,  M.  For  a  given 
value  of  applied  excitation  voltage,  the  transducer  will  present  a  lower 
impedance  if  the  coils  are  connected  in  opposing  polarity,  or  negative 
mutual  inductance.  A  larger  value  of  flux  will  exist  in  the  CP, 
avoiding  operation  of  the  magnetic  material  in  the  extremely  nonlinear 
portion  of  the  8 -H  curve  about  the  origin.  This  connection  was  used 
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Figure  49.  Voltage  Vector  Measurements  for  Impedance  Calculations 
Variable  Reluctance  Pressure  Transducer 

A.  TOTAL  IMPEDANCE  (Zj)  MEASUREMENT 

1.  Set  test  frequency  (fy)  as  specified,  fT  »  _  Hertz. 

2.  With  Switch  In  position,  adjust  R^  and  V^  to  give  the  following 
conditions  simultaneously: 


a)  V  to  be  speciflled  value  * 

b)  V0v  »  VT. 


RMS  Volts. 


3.  Record:  R^* 


n;  V, 


(Vol ts' 


MEASUREMENT 


1.  With  switch  In  Z  position,  adjust  R  and  V_  to  give  the  following 

v»  A  j 

conditions  simultaneously: 

a)  Vc  to  be  specified  value  as  before. 

b)  VQV«V,.. 


2.  Record:  R 


fl;  v. 


(Vol ts ) . 


C.  CALCULATE  VOLTAGE  AND  IMPEDANCE  VECTORS  AND  MUTUAL 
INDUCTANCE.  M.  PER  FIGURE  50. 
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Figure  50.  Calculation  Method  -  Electrical  Impedance  Measurement 
Variable  Reluctance  Pressure  Transducer 
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TABLE  6 


IMPEDANCE  MEASUREMENT  DATA  SUMMARY 
VARIABLE  RELUCTANCE  PRESSURE  TRANSDUCERS 
MEASUREMENTS  PER  FIGURES  49  AND  50 


fTEST 

kHERTZ 

2 

2 

6 

6 


2 

2 

6 

6 


Z&_ 

OHMS /DEGREES 
Transducer  A-01 


c 

*t 


3  297/56.7 
3  1257/54.7 


Zc  3  652/44,7 

» 

Transducer  A-10 


ZT  3  392/53.8 
Zc  3  282/56.5 
ZT  3  839/66.2 
Zc  3  549/51.7 


R^  +  jwL^ 

L 

Q 

M 

OHMS  *  MH . 

Vc  (TEST)  *  1  Volt  RMS 

MH . 

272.1  +  j484.9 

38.6 

1  .78 

-0.5 

163.1  +  j  2  48 . 2 

19.8 

1  .52 

726.4  +  j!026 

27.2 

1  .41 

+1  .0 

463.4  +  j458.6 

12.6 

0.98 

VC(TEST)  * 

2  Volts 

RMS 

231 .2  +  j316.5 

25.2 

1  .4 

-6.1 

155.6  +  J235.2 

18.7 

1  .5 

338.8  +  j‘767.5 

20.4 

2.26 

+1  .2 

340.4  +  j338 

9.0 

1  .26 

PER 

COIL  n 


42 


43 


Transducer  8-01 

Vc(TEST)  =  0.5 

Volt  RMS 

3 

lj  3  670/74.8 

175.7  +  J646.6 

34.3 

3.7 

3 

Zc  3  420/71  ,8 

131 .2  +  j399.Q 

21  .1 

3.0 

9 

ZT  3  1780/74.8 

466.7  +  jl 71 7 . 7 

30.3 

3.7 

9 

Zc  3  1130/71  .8 

352.9  •••  J1073.5 

19.0 

3.0 

Transducer  C-05 

Vc  (TEST)  =  2  Volts  RMS 

3 

ZT  3  714/79,5 

130  +  j702 

37.2 

5.4 

3 

Zc  3  469/76.1 

112.6  +  j455.3 

24.2 

4.0 

9 

ZT  3  1950/83.9 

207.3  +  jl 939 

34.3 

9.36 

9 

Zc  3  1223/76.1 

302.7  +  jl  223 

21  .6 

4.0 

Transducer  C-10*  VC(TEST)  =1  Volt  RMS 


2 

ZT 

3  209/76.7 

48.1  +j203 .4 

16.2 

4.23 

2 

Zc 

3  130/69.8 

44.9  + j 114.5 

9.1 

2.72 

6 

ZT 

3  602/79.4 

110.7  +  j  5  91  .7 

15.7 

5.34 

6 

Zc 

3  365/69.8 

126.0  +  j  342 . 5 

6.1 

2.72 

-3.95 


-3.85 


-5.6 


-4.5 


-1  .0 


+1.75 


31 


33 


16.7 
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TA8LE  6  (Concluded) 

.  IMPEDANCE  MEASUREMENT  DATA  SUMMARY 
VARIABLE  RELUCTANCE  PRESSURE  TRANSDUCERS 
MEASUREMENTS  PER  FIGURES  49  AND  50 


fTEST 

kHERTZ 

ZU 

0HM/&GREES 

+  JwL^ 

OHM 

L 

MH. 

0 

M 

MH. 

kdc 

PER 

COILfl 

Transducer  D-01 

VC(TEST)  -  1  Volt 

RMS 

2 

Zj  *  1400/34.5 

1154  +  j793 

63.1 

0.7 

- 

465 

Transducer  E-01 

*  Vc(TEST)  *  1  Volt  RMS. 

3 

Zj  -  660/78.2 

135.0  +  j646 .1 

34.3 

4.79 

-4.35 

3 

Zc  *  424/72.8 

125.4  +  J405.0 

21  .5 

3.23 

9 

9 

Zj  *  1870/82.2 
Zc  »  11 50/74,8 

254  +  jl 853 

301  +  jlllO 

32.8 

19.6 

7.3 

3.7 

-3.3 

39.2 

Transducer  F-01 

Vc(TEST)  *  3.2  Volts  RMS 

3 

Zj  *  580/82.5 

75.7  +  j  575 

30.5 

7.6 

-4.83 

3 

Zc  *  382/80.9 

60.7  +  j  377 . 2 

20.1 

6.2 

24 

^Factory  Installed  Thermal  Resistors  Removed. 
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consistently  by  manufacturers  in  the  assembly  of  transducers  supplied 
with  only  three  customer  connection  terminals.  The  reversal  of  sign  of 
M  with  a  change  of  frequency  in  some  cases  is  a  result  of  using  constant 
voltage  excitation,  rather  than  constant  ampere-turns  input. 

The  very  high  resistive  component  of  impedance  in  transducer  D-01 
is  due  mainly  to  the  high  AC  resistance  of  the  coil  windings.  Reactance 
changes  causing  useful  output  in  this  transducer  are  relatively  small 
and  are  almost  swamped  by  coil  resistance  and  leakage  reactance  losses. 
This  behavior  illustrates  the  unavoidable  trade-offs  in  electrical  and 
magnetic  performance  and  limitations  encountered  due  to  losses  in 
attempting  to  maximize  inductance  for  a  given  body  design.  No  pressure 
calibrations  were  performed  on  this  transducer  for  this  reason. 

Transducers  C-10  and  E-01  were  constructed  with  temperature- 
dependent  resistor  networks  embedded  in  the  transducer  body  and 
electrically  connected  to  the  coils.  These  networks  were  designed  to 
compensate  for  effects  of  temperature  on  the  various  resistive 
components  of  transducer  impedance.^  They  were  disconnected  for  all 
tests.  Effects  of  temperature  on  complex  impedance  were  evaluated  by 
heating  the  transducers  to  60  degrees  Celsius.  These  data,  along  with 
normal  room  temperature  values,  are  given  in  Table  7.  The  single 
parameter  most  indicative  of  change  of  sensitivity  is  the  reactance 
angle  found  in  the  Zj  columns. 

The  impedance  of  the  transducer  as  an  electrical  load  on  the 
excitation  power  source  in  the  circuit  of  Figure  31  is  that  appearing 
across  terminals  E  and  G.  It  is  equal  to  Zj  as  measured.  The  output 
impedance  of  the  transducer  is  obtained  from  the  Thevenin  equivalent 
circuit  shown  in  Figure  51.  Since  the  leakage  inductance,  Z* ,  of  each 


1.  The  resulting  circuit  configuration  causes  the  input  impedance  of  the 
signal  conditioner  to  become  part  of  the  compensation  network. 

Therefore,  this  method  provides  optimum  results  only  when  the  transducer 
and  readout  equipment  are  matched. 
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TRANSDUCER 

TABLE  7 

TEMPERATURE.  EFFECTS  ON  IMPEDANCE— 

VARIABLE  RELUCTANCE  PRESSURE  TRANSDUCER 

T,  -  27  Degrees  C.  1  T  -  60- Degrees  C 

IDENTITY 

^  ^DC 

ZT  ' 

-rdc 

Ohms  /Degrees  Ohms 

Ohms  /Degrees 

Ohms 

556  /60.7 
392  /53.8 
670  /75 
209  /76.7* 
1400  /34.5 
660  /*78.2 
575  / 82.5 


569  /60.0 
403  /53 

682  /74 
210  /76. 7* 
1510  /6l.7 
667  /78.0 
568  /81.6 


*  C-10  Specifically  designed  for  high  cemperacure  use. 
All  measurements  at  coil  frequency  and  voltage  given 
in  Table  6. 


[ill' 


Z!  =  “L(.  *  0 


»ac+M)=zT/2 


TRANSDUCER 


Figure  51.  Output  Impedance  Equivalent  Circuit 


Since  the  effects  of  circuit  and  cable  capacitances  between  point  N 
and  either  E  or  G  are  equal,  they  can  be  evaluated  by  considering  point 
N  as  the  voltage  node  or  "ground"  point.  This  is  true  whether  or  not 
leads  A-E  and  D-G  are  enclosed  by  the  shield  containing  lead  (B-C)-M. 
Cable  capacitance  can  then  be  represented  as  a  single  capacitor,  Cc, 
across  points  M  and  N.  Where  cable  lengths  are  appreciable,  fundamental 
and  low  order  harmonic  amplitude  and  phase  will  be  affected.  Parallel 
resonance  may  also  occur  at  or  near  a  frequency  of  a  high  order 
harmonic,  even  with  short  leads.  Transducer  impedance  values  from 
actual  measurements  at  the  frequency  of  interest  must  be  used  in 
evaluating  these  effects,  rather  than  by  calculation  using  a  single 
frequency  test  value.  Excitation  voltage  drops  caused  by  series  cable 
reactance  may  be  kept  low  by  using  parallel  or  twisted  pair  conductors 
for  leads  A-E  and  D-G. 


The  low  Q  of  these  transducers  makes  them  unsuitable  for  use  as  the 
pressure-dependent  inductor  in  a  pressure-to-frequency  transduction 
device. 
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4.  TRANSDUCER  CIRCUIT  OUTPUT  MEASUREMENTS 

Definitive  measurements  of  the  output,  v^,  of  the  transducer  and 
input  network  in  response  to  steady  state  applied  pressure,  P^,  were 
made  using  the  test  apparatus  shown  in  Figure  52.  A  uniform  phase 
reference  for  the  fundamental  and  all  harmonics  up  to  the  seventh  is 
provided  by  deriving  the  six  harmonic  reference  frequencies  and  the 
excitation  signal  from  the  same  oscillator.  The  frequency  divider 
output  waveform  at  the  fundamental  or  excitation  frequency  is  shaped  by 
means  of  a  narrow  band-pass  filter,  and  is  applied  as  a  reasonably  pure 
sine  wave  to  the  input  of  the  power  amplifier  supplying  the  transducer 
excitation.  The  filter  sections  were  tuned  to  maintain  a  fundamental 
frequency  phase  shift  of  less  than  +Q.2  degrees  as  read  on  the  phase 
meter.  The  transducer  input  circuit  Configuration  II  of  Figure  31  was 
used  for  all  tests.  Although  this  excitation  circuit  undoubtedly 
generates  a  small  amount  of  harmonics,  these  will  contribute 
pressure-rel ated  (useful)  components  to  the  output,  whereas  transducer¬ 
generated  harmonics  may  vary  nonsystematically  with  pressure  input.  The 
effect  of  each  may  be  readily  evaluated  by  inspection  of  the  data. 

In-phase  components  (X)  and  quadrature  components  (X1)  of  the 
fundamental  (A+jA1 )  and  harmonics  up  to  and  including  the  seventh 
(G+jG1)  were  measured  with  the  Princeton  Applied  Research  Model  129-A 
Two  Phase/Vector  Lock-In  Voltmeter.  (Reference  31.)  Harmonic  voltages 
were  measured  with  most  or  all  of  the  fundmental  "nulled  out"  to  avoid 
overloading  the  input  circuit  of  the  voltmeter.  This  was  done  by 
means  of  the  circuit  and  controls  marked  and  9N  in  Figure  53.  For 
practical  reasons,  raw  data  were  taken  in  vector  form,  .\ x / vyx °  where  \ 
is  the  general  phasor  having  a  length  [X^+(X')^]}s  and  »  is  the  phase 

-  1  X  1  * 

angle,  given  by  tan  .  They  were  converted  to  two-phase  form  to 

simplify  the  evaluation  of  calibration  curve  shapes.  Measurements  were 

made  at  the  test  values  of  frequency,  up  and  voltage,  Vp  determined  to 

be  optimum  in  the  foregoing  tests  and  also  at  higher  voltage  values  more 

typical  of  common  practice.  All  data  were  taken  with  the  CP  in  the 

vertical  plane  and  the  pressure  load  cycles  were  carried  to  120  percent 


VR  TRANSDUCER 


Figure  53.  Input  Circuit-Transducer  Test  -  Configuration  II 
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5.  PRESSURE  CALIBRATION  EQUIPMENT 

Conventional  pneumatic  and  hydraulic  techniques  were  used  in  this 
work.  Such  procedures  are  described  in  Reference  32. 

The  test  pressures  for  transducers  rated  at  5  PSID  NFS  or  higher 
were  supplied  from  a  fluid-filled  tubulation  system  and  generated  by  a 
piston  type  dead  weight  tester.  The  lower  range  transducers  were 
pressurized  pneumatically  by  means  of  a  manostat,  Penwalt  Wallace  and 
Tiernan  Model  FA1 49201.  Pressures,  P^,  were  measured  with  a  Penwalt 
Wallace  and  Tiernan  precision  gage,  Model  FA145,  having  a  full  scale 
range  of  zero  to  4.5  PSID  and  a  calibrated  scale  length  of  about  40 
inches.  Much  of  the  frequency  translated  data  used  to  evaluate 
performance  of  the  low  range  transducers  were  derived  from  the  work  done 
in  direct  support  of  the  aerodynamic  study  program  reported  upon  in 
Reference  11.  The  equipment  arrangement  used  in  that  work  is  shown  in 
Figure  54.  The  FTSC  shown  operates  the  transducer  at  5  volts,  6 
kilohertz  excitation.  These  calibrations  were  performed  at  room  ambient 
temperatures  and  were  carried  to  no  higher  than  100  percent  of  NFS. 


6.  STEADY  STATE  ELECTRICAL  OUTPUT  CHARACTERISTICS 

The  raw  data  for  a  25  point  steady  state  calibration  of  trans¬ 
ducer  C-05  are  shown  in  Table  Interpretation  of  these  data  would 

be  facilitated  by  a  review  of  the  various  methods  of  simplifying  the 
instantaneous  value  of  the  voltage  output  of  the  VR  transducer  and  input 
network.  This  information  is  presented  in  Table  9.  The  output  of  a 
nonideal  FTSC  is  also  given.  In  that  expression,  VQ  is  the  amplitude  of 
a  zero  and  even  order  unbalance  due  to  circuit  asymmetry  contributed  by 
semiconductors,  resistors  or  transformer  taps  in  the  demodulator  circuit 
as  shown  in  Figure  10.  It  is  easily  detected  and  measured  by  reducing 


2.  The  term  "calibration"  is  used  throughout  this  section  for 
convenience  only.  The  original,  non-routine  approach  to  examining  the 
output  characteristics  of  the  transducers  and  the  unpredictable  nature 
of  the  initial  results  places  this  work  in  the  realm  of  "experiments." 
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\S> 
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Figure  54.  Pre-Test  Calibration  Scheme  -  Variable  Reluctance  Pressure 
Transducer  and  "Carrier  Amplifier"  (FTSC) 


CALIBRATION  DATA  -  TRANSDUCER  C-05  (REF:  FIGURE  52) 
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4.002  ±0.006  Volts  =  2997  ±3  Hertz  -  Low  or  Unreliable  Reading 

Angles  ±0.2°  ^ 


CALIBRATION  DATA  -  TRANSDUCER  C-05  (REF:  FIGURE  52) 
OUTPUT  MILLIVOLTS  /DEGREES 
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TABLE  9 

DEFINITIONS 

TRANSDUCER  OUTPUT  VOLTAGE  SIGNALS 


The  magnitude  of  the  in-phase  component  of  fundamental  frequency 
transducer  circuit  output  voltage  (in  millivolts' or  volts  as  noted) 
at  a  steady-state  applied  pressure  P^.  The  phase  reference  is  the 
sinusoidal  excitation  voltage  applied  to  the  transducer  circuit. 

The  magnitude  of  the  quadrature  component  of  fundamental  frequency 
transducer  circuit  output  voltage  at  steady  state  applied  pressure  P 

The  in-phase  component  of  fundamental  frequency  voltage  subtracted 
from  Aq  to  create  a  net  circuit  output  voltage  in-phase  component 
of  zero  at  zero. applied  pressure  PQ  ("zero  measurand"). 

Quadrature  component  of  fundamental  frequency  voltage  subtracted 
from  A^  to  create  a  net  circuit  output  voltage  quadrature  component 
of  zero  at  zero  applied  pressure.  These  quantities  are  related  to 
the  equipment  adjustments  shown  in  Figure  53  as  follows: 


dn  =  c  * J U^  +  (UQ)^  ("Amplitude  Balance") 


-1  Uo 


("Phase  Balance") 
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TABLE  9 
(Concluded) 


;k)  Gross  Phasor  Length  -  +  (A^) 2  (millivolts) 

-1  K 


k)  Can  "  “aT”  (degrees) 


k) 


Net  Phasor  Length  »  AA 

-1  (Ak  -  Uo} 

k)  Can  (A^"1"Uo)  (degrees) 


)2  *  (aj;  -  u;>2 


(millivolts) 


Frequency  Translated  Output  (FTO) 
Ideal  FTSC 

2n2  cv  EL  G,  f 

“T"  [AA(k)  •  3"  *  5”  ~  T  +  (volts) 

Real  Equipment  Case  (See  Text) 

1  r-  cosw  t  ♦  S]  - —  — 

T  +  4  C  £—1 


2Vo 

7T 


4  -  ^  - = -  cos2poj  t 

2  C  P-1  Up2  -  1)  c 


2H 


2 

T"  (!■  *  e.)cos0. 


2s, 


2H. 


(1  ♦  e  ) 


(-C,  ) 


c  3 


, 1  * 

(2  *  ”  C0S<V  + 

2 

•(-i)q 

q- 1 

(4q2  -  1 

E, 

v  k 

e_)  v—  cos  o_  -  . 
E  o  E 

(volts ) 

J 

cos2qucC ) 


Si 
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the  signal  voltage  to  zero  and  observing  the  change  in  the  DC  level  in 
the  FTO  when  power  to  the  reference  side  (V^  in  Figure  10)  is  switched 
on  and  off.  These  output  components  are  independent  of  the  input 
signal,  Vs.  is  the  amplitude  coefficient  of  a  complex  of  spurious 
signals  which  vary  directly  with  input  amplitude  V$.  These  output 
components  are  due  to  demodulator  circuit  asymmetry  and  take  the  form  of 
a  half-wave  rectified  sine  wave  superimposed  on  the  output  of  the 
demodulator.  The  component  having  a  frequency,  u^»  is  called  "carrier 
leak."  The  high  frequency  components  having  frequencies  2pw  and  2qw 

U  w 

are  called  demodulator  "hash"  in  the  vernacular.  In  actual  circuits, 
stray  reactances  may  be  present  which  affect  both  the  amplitudes  and 
phases  of  these  components.  However,  these  terms  are  not  itemized 
completely  because  they  have  little  effect  on  r(t)  and  are  mainly  an 
annoyance. 

The  coefficients  e^,  <j>^,  e^,  <(^,  and  so  on,  are  errors  in  signal 
amplitude  and  phase  as  a  function  of  frequency,  where  o2  departs  from 
the  ideal  or  design  value  of  1.00/0°. •  With  the  corrections  in  this  form, 
the  scalar  gain, H2,  is  used.  Actual  values  for  these  errors  are 
obtained  from  the  steady  state  AC  amplitude  and  phase  characteristics 
(transfer  function)  of  the  signal  path,  in  the  form  shown  in  Figure  4. 
They  are  caused  by  active  component  inter-element  capacities,  lead  and 
transformer  reactance,  and  the  third-harmonic  rejection  network,  if  one 
is  used.  As  an  example,  an  ideal  third  harmonic  rejection  network  would 
reduce  Ck  and  C£  to  zero  and  have  no  effect  on  the  phase  and  amplitude  of 
signal  components  of  any  other  frequency.  The  actual  amplitude  and 
phase  characteristics  of  a  commonly  used  rejection  network,  a  parallel-T 
"notch"  filter,  Is  shown  in  Figure  55(a)  and  the  circuit  is  shown  in 
Figure  55(b).  The  effect  of  this  network  on  passed  frequencies  is  a 
function  of  its  sharpness.  The  ideal  characteristic  may  more  nearly  be 
realized  by  adding  active  (power)  gain  using  a  voltage-follower  amplifier 
as  shown  in  Figure  55(c).  A  more  detailed  discussion  of  these  circuits 
is  contained  in  References  33  and  34.  The  fundamental  frequency  phase 
error,  $A,  can  be  compensated  for  by  a  setting  of  the  "reference  phase" 
adjustment  (e^)  and  the  amplitude  reduction  can  be  compensated  for  by 
Increasing  H2-  Thus,  the  only  deleterious  effect  of  these  errors  under 
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b)  PARALLEl-T  CIRCUIT 


'Y' 

II-T 

T* 

c)  ACTIVE  GAIN  CIRCUIT 


Figure  55.  Circuit  and  Steady-State  Electrical  Character! sti 
Parallel-T  Third  Harmonic  Rejection  Notch  Filter 
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steady  state  conditions  is  from  uncontrolled  circuit  changes  due  to 
environmental  causes.  Approximate  measured  values  for  eA  and  $A  for  the 
FTSC  shown  in  Figure  54  are  -0.1  (-1030  and  -20  degrees  respectively. 

The  phase  and  amplitude  versus  frequency  characteristics  of  a  VR 
transducer-FTSC  combination  are  also  affected  by  any  loading  of  the 
transducer  by  the  FTSC  input  circuit.  This  effect  is  further  discussed 
as  part  of  the  test  results  on  steady  state  calibration  sensitivity. 

Evaluation  of  the  results  of  the  steady  state  calibration  tests  was 
not  unduly  complicated  by  the  multiplicity  of  ways  of  describing  the 
transducer  output  signal.  All  significant  trends  were  easily 
recognizable  regardless  of  what  form  of  output  was  used.  However,  the 
phase  coherent  voltmeter  measurements  gave  evidence  of  some  microscopic 
center  plate  behavior  which  might  otherwide  have  been  taken  for  random 
scatter  caused  by  electrical  or  pneumatic  system  measurement 
uncertainties.  Some  significant  CP  behavior  was  detectable  only  by  the 
persistent  recurrence  of  certain  values  of  phase  and/or  amplitude 
coefficients. 

7.  HARMONIC  OUTPUT  MEASUREMENTS 

The  harmonic  content  of  transducer  output  as  determined  by  the 
phase-coherent  voltmeter  method  is  in  fair  agreement  with  the  preliminary 
measurements  plotted  in  Figures  34,  35,  and  36,  which  were  made  several 
years  previously.  The  harmonic  amplitudes  at  the  selected  test  values  of 
excitation  voltage  and  frequency  fall  roughly  into  the  ranges  tabulated 
in  Table  10.  For  convenience  in  deriving  a  single  number,  the  magnitude 
of  a  given  harmonic  is  arbitrarily  defined  as  the  phasor  length  measure¬ 
ment  made  at  an  applied  pressure  of  +80  percent  NFS  expressed  as  a 
percentage  of  the  measurement  of  the  fundamental  at  that  load  point. 

That  is. 

Nth  Harmonic  -  ^('^•8) 


x  100  (%) 
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TABLE  10 

HARMONIC  CONTENT  IN  OUTPUT  -  TYPICAL  MEASURED  VALUES, 
VARIABLE  RELUCTANCE  PRESSURE  TRANSDUCERS 


HARMONIC 

OUTPUT  -  PCT  OF 

SQUARE  WAVE 

OUTPUT 

ORDER  -n 

FUNDAMENTAL 

MULTIPLIER  |rn| 

PRODUCT 

2 

0.5(X) 

0 

o(*) 

3 

5.0 

i.  =  0.424 

2.1 

4 

0.1 

0 

0 

5 

1 

3  0.255 

0.26 

6 

0 

0 

0 

7 

0.5 

^  *  °'182 

0.1 

Output  -  PCT,  n-th  Harmonic  = 

M+OJO  x  100  (X) 
AA(±0.8) 
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8.  CALIBRATION  CURVE  SHAPE 

Raw  data  such  as  that  for  transducer  C-05,  shown  in  Table  8,  may  be 
used  directly  for  studying  repeatability  and  hysteresis.  Trends  in 
calibration  linearity  and  symmetry  about  the  origin  are  not  immediately 
evident  from  inspection  of  the  fundamental  frequency  measurements.  These 
were  simplified  by  subtracting  the  zero  measurand  output  (AQ  +  jA^)  from 
all  readings,  as  presented  in  Table  11.  The  phase  angle,'?',  of  the 
useful  electrical  output  with  respect  to  excitation  voltage  then  becomes 
apparent.  Since  the  values  for  this  transducer,  174  and  354  degrees 
respectively,  are  exactly  180  degrees  apart,  the  net  phasor  lengths  in 
the  column  may  be  compared  directly  when  evaluating  span  and 

linearity  characteristics.  From  Table  11,  the  average  of  the  four 
values  for  g)  is  about  30.7  millivolts  at  the  output  of 

transformer  T2g*  In  this  case,  the  actual  transducer  output  is  30.7  x./T 
because  of  the  step-down  transformer  used.  The  deviations  of  actual 
measurements  from  the  straight  line  y  *  x  are  plotted  as  in  Figure 
56.  The  curve  y  3  945  ( x)  was  then  used  as  a  reference  and 

deviations  of  test  measurements  from  this  curve  were  plotted  as  in 
Figure  57.  In  the  positive  load  direction,  the  curve  fit  is  improved. 

It  could  be  further  improved  by  discarding  the  final  +20  percent  NFS 
point.  For  negative  measurand  values  the  curve  fit  is  poor  and  the 
higher  values  actually  lie  rather  close  to  the  straight  line  y  3  38.17x. 

Transducers  C-03,  C-04,  and  C-06  were  part  of  a  large  lot  purchased 
for  an  aerodynamics  research  test  program.  They  were  used  in  a  pressure 
data  system  and  calibrated  with  equipment  similar  to  that  shown  in  Figure 
54.  An  eight-point  calibration  for  transducer  C-06  is  shown  in  Figure 
58.  The  characteristic  S-shape  is  evident.  The  +  0.2  percent  deviation 
from  linearity  is  typical  of  the  calibration  of  all  transducers  in  the 
lot.  In  most  cases,  departure  from  tne  y  3  c  -  ~ —  shape  could  be 
reduced  by  using  different  values  of  c  and  a  in  the  two  load  directions. 
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TA3LE  11 

FUNDAMENTAL  FREQUENCY  CALIBRATION  DATA 
TRANSDUCER  C-05 

FIRST  CALIBRATION  -  DATES:  9/25  and  9/26* 


pk  A  ^  A  A1 

XNFS  MILLIVOLTS/DEGREES  MILLIVOLTS 


A-U  A'-U‘  A ' 

MILLIVOLTS  MILLIVOLTS/OEGREES 


0  ■ 
+20 
+40 
+60 
+80 
+100 
+120 
+100 
+80 
+60 
+40 
+20 
0 

W 

-20 

-40 

-60 

-80 

-100 

-120 

-100 

-80 

-60 

-40 

-20 

0 


13.7/22 

+3.08 

+13.3 

(Q) 

(0) 

15.5/108 

-4.79 

+  14.7 

-7.9 

+  1.4 

20.1/129 

-12.6 

+12.0 

-15.7 

-1.3 

25.8/141 

-20.1 

+  16.2 

-23.2 

+2.9 

32.3/149 

-27.7 

+16.6 

-30.8 

+3.3 

38.9/153 

-34.7 

+17.7 

-37.8 

+4.4 

45.9/156 

-41.9 

+18.7 

-45.0 

+5.4 

38.7/154 

-34.8 

+17.0 

-37.9 

+3.7 

31.9/149 

-27.3 

+16.4 

-30.4 

+3.1 

25.4/142 

-20.0 

+15.6 

-23.1 

+2.3 

19.7/130 

-12.7 

+15.1 

-15.8 

+1.8 

15.1/107 

-4.4 

+14.4 

-7.5 

+  1.1 

13.2/76 

+3.2 

+12.8 

+0.1 

-0.5 

13.8/76 

+3.3 

+13.4 

+0.2 

+0.1 

15.8/50 

+10.2 

+12.1 

+6.9 

-1:3 

21.4/33 

+  17.9 

+11.6 

+  14.6 

-1.8 

28.3/23 

+26.1 

+11.1 

+22.8 

-2.3 

35.2/17 

+33.7 

+10.3 

+30.4 

-3.1 

42.3/12 

+41.4 

+8.8 

+38.1 

-4.6 

49.7/9 

+49.1 

+7.8 

+45.8 

-5.5 

42.6/12 

+41.7 

+8.9 

+38.4 

-4.5 

35.2/16 

+33.8 

+9.7 

+30.5 

-3.7 

28.4/23 

+26.1 

+11.1 

+22.8 

-2.3 

21.6/31- 

+18.1 

+  11.7 

+  14.8 

-1.7 

16.0/49 

+  10.5 

+  12.1 

+7.3 

-1.3 

13.0/74 

+3.58 

+12.5 

+0.5 

-0.3 

8.0  / 170 
15.75  7184 

23.4  / 173 
31.0  / 1 74 

38.1- /173 
45 . 3+/ 173 

38.1- /174 

30.6- /174 
23.2+/174 

15.9  / 173 
7.6  / 1 72 

0 

“7T 

7.0 

14.7  /353 

22.9  Z251 

30.6  7354 

38.4  7353 
46 . 1+/353 

38.7- /353 

30.7- /353 
22 . 9+7354 

14.9  7353 
7.4  7350 


NFS  *  NAMEPLATE  FULL  SCALE 
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FUNDAMENTAL  FREQUENCY  OUTPUT 


APPLIED  PRESSURE  - 
%  NFS 


NOT  TO  SCALE 


FULL  SCALE  FREQUENCY 
TRANSLATED  OUTPUT 
FROM  SIGNAL  CONDITIONER 
( FTO ) :  1  .00  VOLTS  =  100% 


Figure  58.  Installed  System  Pre-Test  Calibration  Data  -  Transducer  C-06 
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Table  12  contains  raw  data  from  a  42-point  calibration  of 
transducer  C-03  using  the  same  equipment  arrangement.  The  amplitude 
scaling  factor, was  arbitrary  set  to  give  an  FTO  of  approximately 
4.6  volts  for  ten  inches  of  water  (0.36  PSID)  applied  pressure.  In  the 
aerodynamics  research  program  using  the  equipment,  these  data  were 
machined-reduced  using  a  two-segment  straight-line  approximation.  For 

Pk 

the  present  study,  the  data  were  matched  to  the  curve  Y  *  c  - -  at 

k  a  + 

0,  70,  and  100  percent  of  calibrated  full  scale  (CFS).  These  values 
correspond  to  about  50  and  70  percent  of  NFS  for  the  0.5  PSID  transducer. 
Separate  curves  were  developed  for  the  two  load  directions.  The  departures, 
(rk  "  Yk)’  the  ^  readings  from  the  calculated  curve  are  also  tabu¬ 
lated.  The  maximum  departure  was  +  0.022  volts  which  is  u.35  percent  of 
NFS,  or  _+  0.0017  PSID.  The  average  departure  is  considerably  less, 
particularly  at  the  higher  load  points.  Hysteresis  and  scatter  are 
clearly  distinguishable  as  departures  from  the  S-curve.  No  allowance 
has  been  made  for  measurement  uncertainties  in  the  pneumatic  system. 


The  data  from  a  different  calibration  of  this  transducer  (C-03) 
were  given  a  similar  treatment.  The  quantity  (r^  -  Yk)  is  shown  plotted 
against  applied  pressure  in  Figure  59.  This  plot  illustrates  the 
presence  of  errors  from  three  sources:  scatter,  hysteresis,  and  an 
unfortunate  selection  of  the  r^  values  from  the  measurements  for  use  in 
the  calculation  of  c  and  a.  The  "notches"  in  the  curve  going  from  +4  to 
+7  inches  of  water  load  points  and  from  +8  to  +5  inches  of  water  are 
undoubtedly  caused  by  "oil  canning"  of  the  CP.  In  the  absence  of  such 
behavior,  the  curve  would  have  taken  the  course  indicated  by  the  dashed 
lines.  This  behavior  is  also  detectable  in  the  negative  pressure 
direction.  The  entire  curve  fit  in  the  positive  load  direction  was 
affected  adversely  because  one  of  the  +70  percent  CFS  output 
measurements  was  in  the  region  of  the  occurrence  of  oil  canning.  The 
use  of  another  value,  such  as  the  one  at  point  X,  to  recalculate  the 
curve  would  improve  the  overall  curve  fit  noticeably. 


140 


AFWAL-TR-82-2100 


TABLE  12 

INSTALLED  SYSTEM  PRE-TEST  CALIBRATION  DATA 
TRANSDUCER  C-03  (REF:  FIGURE  54) 


N 

+  Pk:Yk  *  135.5 

( - ^ - ) 

281 ,2+P 

-  Pi. -  Y^.  *  232.2  (  Pk 
*  *  492.1+1 

Inches 

FTO 

Wk  k 

FTO 

rk-Yk 

h2o 

revolts) 

(volts) 

revolts) 

(volts 

0 

+0.006 

+0.006 

+0.012 

+0.012 

1 

+0.484 

+0.005 

-0.468 

+0.003 

2 

+0.940 

-0.015 

-0.933 

+0.007 

3 

+1.419 

-0.009 

-1.414 

-0.007 

4 

+1.885 

-0.012 

-1.869 

+0.003 

5 

+2.357 

-0.006 

-2.340 

-0.004 

6 

+2.810 

-0.016 

-2.795 

+0.002 

7 

+3.282 

-0.004 

-3.250 

+0.007 

8 

+3.736 

-0.006 

-3.717 

-0.002 

9 

+4.185 

1 

O 

• 

o 

-4.162 

+0.009 

10 

+4.646 

0 

-4.625 

0 

9 

+4.200 

+0.004 

-4.177 

-0.006 

8 

+3.751 

+0.009 

-3.723 

-0.008 

7 

+3.290 

+0.004 

-3.264 

-0.007 

6 

+2.820 

+0.006  . 

-2.807 

-0.010 

5 

+2.364 

+0.005 

-2.349 

-0.013 

4 

+1.905 

+0.008 

-1.884 

-0.012 

3 

+1.444 

+0.016 

+1.429 

-0.022 

2 

+0.972 

+0.017 

-0.949 

-0.009 

1 

+0.500 

+0.021 

-0.484 

-0.013 

0 

+0.016 

+0.016 

+0.004 

+0.004 
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EQUIPMENT  ARRANGEMENT 
SHOWN  IN  FIGURE  54 


Figure  59.  Deviation  of  Measured  Data  from  Calculated  Curves  -  Second 
Pre-Test  Calibration  of  Installed  System  -  Transducer  C -03 
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Figure  60  contains  calibration  data  for  three  transducers  having 
the  same  NFS  ratings  but  two  different  designs  and  manuf acturers . 

Points  are  plotted  as  deviations  from  straight  lines  through  zero. 

A  comparison  of  typical  calibration  curve  shapes  for  the  three 
brands  of  0.5  PSID  NFS  transducers  shows  the  effect  of  design  values  of 
CP  thickness,  deflection,  and  air  gap  clearance.  The  curve  in  Figure  61 
for  transducer  B-02  shows  that  the  design  value  of  full  scale  CP 
deflection  is  large  relative  to  the  air  gap  clearance  due  to  use  of  a 
thin  CP.  The  portion  of  this  curve  which  conforms  to  the  characteristic 
S-shape  is  confined  to  less  than  a  third  of  the  full  scale  range,  and 
then  the  output  rises  rapidly  as  the  CP  approaches  either  pole  piece. 

When  this  happens,  differences  in  air  gap  clearances  on  the  two  sides 
become  critical  and  asymmetries  are  much  more  pronounced.  The  measured 
output  sensitivities  of  both  8-01  and  B-02  are  about  50  percent  higher 
than  those  of  the  C-01  group  and  almost  double  those  of  the  A- 10  group. 
The  calibration  curve  for  transducer  A-1B  in  Figure  62  shows  a  pronounced 
negative  curvature  at  the  extremes  of  CP  deflection.  This  is  a  result 
of  the  relatively  thick  CP.  A  lower  ratio  of  gap  clearance  to  maximum 
deflection  was  then  required  to  maintain  a  desirable  output  level. 

The  calibration  asymmetry  of  transducer  B-01  was  noteworthy.  The 
fundamental  frequency  phasors  for  the  +  80  percent  load  points  for  this 
transducer  are  shown  in  Figure  63  as  having  lengths  of  89.8  and  82.0 
millivolts.  If  used  with  an  FTSC,  the  choice  of  load  direction  during 
adjustment  of  the  reference  phase  could  obscure  this  discrepancy.  The 
signal  vector  component  resulting  from  an  adjustment  of  gM  of  -28.4 
degrees  is  83.2  millivolts  for  negative  80  percent  measurand  and  82.0 
millivolts  for  a  positive  80  percent  measurand.  This  apparent  reduction 
in  calibration  asymmetry  will  appear  in  the  FTO. 

The  possibility  of  damage  or  defects  in  the  CP  of  this  unit  was 
checked  by  loading  to  +  800  percent  NFS.  The  results  are  shown  in 
Figure  64.  Similar  data  for  transducer  A-10  are  shown  in  Figure  65.  In 
both  cases,  the  phase  and  amplitude  discrepancies  in  terms  of  percent  of 
reading  diminished  significantly,  emphasizing  the  consequences  of 


AFWAL-TR-82-2100 


V  A-15 


1  - 10%  DEVIATION  FROM  SELECTED 

I  »  STRAIGHT  LINES  THROUGH 
ZERO  —  PERCENT  OF  FULL 
SCALE  FREQUENCY  TRANS¬ 
LATED  OUTPUT  (FTO) 


Figure  60.  Installed  System  Pre-Test  Calibration  Data  -  Transducers 
A- 15,  A-17,  and  C-04 
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Figure  62.  Installed  System  Pre-Test  Calibration  Data  -  Transducer  A-18 
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Figure  64.  Fundamental  Frequency  Signal  Phasors  -  Applied  Pressure 
P.  =  +  800%  NFS  -  Transducer  B-01 
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assigning  any  given  NFS  rating  to  these  units  and  the  difficulty  of 
determining  what  constitutes  damage  to  or  defects  in  the  CP.  Asymmetry 
of  the  same  type  was  found  in  transducer  C-10.  This  transducer  is  a 
large  durable  unit  for  use  in  adverse  environments  and  has  an  NFS  rating 
of  zero  to  +  50  PSIO.  The  center  plate  is  a  machined  section. 

Reversing  the  CP  side-for-side  had  little  effect  on  the  span  or  zero,  as 
shown  in  Figure  66,  indicating  that  in  this  case,  unequal  air  gap 
clearances  were  the  sole  cause  of  the  asymmetry. 


All  data  of  this  kind  indicate  that  design  choices  of  gap 
clearance,  CP  deflection,  and  production  variables,  as  well  as  CP  shape 
irregularities  were  the  cause  of  all  systematic  nonideal  calibration 
characteristics,  except  mechanical  hysteresis,  observed  to  this  point. 

To  test  this  conclusion,  data  taken  on  transducer  F-01  were  plotted  in  a 
similar  manner.  These  are  presented  in  Figure  67.  This  transducer  does 
not  use  the  center  plate  construction  of  the  classical  VR  transducer. 

The  pressure  element  and  the  electrical  signal  pick-off  are  articulated 
so  that  each  may  be  designed  for  optimum  performance.  The  "E-core"  type 
of  electrical  pick-off  used  in  this  transducer  has  previously  been 
described.  It  is  constructed  of  electrical  steel  laminations,  reducing 
eddy  current  effects  to  levels  typical  of  those  of  audio  transformers. 

As  a  result,  it  has  a  useful  output  about  five  times  the  typical  values 
for  classical  type  VR  transducers  and  may  be  used  with  excitation  levels 
up  to  about  25  volts  RMS  at  three  kilohertz. ^  (Figure  48)  It  was  also 
built  in  a  four  arm  bridge  configuration  by  adding  a  second  E-core  and 
coils.  The  overall  design  results  in  a  more  linear,  controllable 
pressure-output  characteristic.  The  steady  state  precision  and 
hysteresis  characteristics  of  this  transducer  are  wholly  those  of  the 
pressure  element,  which  is  a  hollow,  twisted  torsion  tube  fixed  at  the 
reference  end.  It  is  not  as  rugged,  simple,  and  repairable  as  the 
classical  VR  type  and  was  not  manufactured  in  ranges  lower  than  5  PSIO. 


The  FTSC  designed  and  manufactured  by  the  same  company  for  use  with 
these  units  did  not  use  electronic  amplification.  The  transducer 
operated  directly  into  a  voltage  demodulator. 


'+AP 


TO  PRESSURE 
ELEMENT 


VARIABLE  RELUCTANCE 
ELECTRICAL  PICK-OFF 

LAMINATED 
ELECTRICAL  STEEL 
CORE  AND  ARMATURE 


*  2997  ±5  HERTZ 
=  5.003  ±0.002 
+  j( 0.004  ±0.003)  VOLTS 


Figure  67.  Fundamental  Frequency  Signal  Phasors  -  Applied  Pressure 
Pk  *  _+  80%  NFS  -  Transducer  F-01 
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The  nameplate  full  scale  rating  of  transducer  F-01  was  +  5  PSID.  The 
mechanical  resonant  frequency  is  about  500  Hertz  as  compared  with  several 
thousand  Hertz  for  a  classical  VR  transducer  of  the  same  range. 

Wherever  the  asymmetry  of  fundamental  signal  output  is  very 
pronounced,  it  is  accompanied  by  an  even  greater  asymmetry  in  even  order 

harmonic  output.  Figure  68  shows  the  second  harmonic  output,  A'b(i<)»  of 
transducer  B-01,  plotted  against  pressure  load. 

The  curve  shapes  for  some  transducers  tested  were  a  composite  of 
the  various  forms.  Many  showed  entirely  different  shapes  in  the  first 
and  third  quadrants.  As  examples,  the  curves  of  FTO  for  transducers  A-15 
and  A-19  are  shown  in  Figures  69  and  70  respectively.  The  curve  of 
fundamental  net  phasor  length,  a'a(|<)  »  versus  applied  pressure,  for 
transducer  B-01  is  shown  in  Figure  71.  The  center  plate  of  each 
transducer  in  these  groups  seems  to  possess  its  own  peculiar 
"personality."  The  calibration  of  Figure  71  was  carried  out  to  only  +  80 
percent  of  NFS,  resulting  in  greatly  reduced  hysteresis. 

The  results  of  these  curve  shape  tests  may  be  combined  with  those 
for  optimum  electrical  operating  point  to  strengthen  some  of  the 
conclusions  concerning  the  relative  design  approaches  taken  by  the  three 
manufacturers  of  the  0.5  PSID  transducers.  The  high  frequency  eddy 
current  losses  indicated  that  A-10  has  a  relatively  thick  CP  and  the 
curve  shape  confirms  this.  It  also  suggests  that  the  gap  clearances  were 
made  small  to  maintain  electrical  output.  Transducer  B-01  has  the 
thinnest  CP,  a  rather  large  gap  clearance  and  large  design  values  of  NFS 
deflection.  The  CP  thickness  and  gap  clearance  for  transducer  C-05 
appear  to  lie  between  these  extremes  as  a  result  of  design  compromises  in 
favor  of  curve  shape  at  the  expense  of  electrical  output  and  zero 
measurand  hysteresis  ("zero  return").  Performance  of  transducers  B-01 
and  B-02,  particularly  with  regard  to  hysteresis,  suggests  that  these 
transducers  should  actually  be  rated  at  0.3  or  0.4  PSID  NFS,  rather  than 
0.5  PSID. 
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Figure  69.  Installed  System  Pre-Test  Calibration  Data  -  Transducer  A-15 
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Figure  70.  Installed  System  Pre-Test  Calibration  Data  -  Transducer  A-19 
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9.  CALIBRATION  REPEATABILITY 

Data  at  the  +  80  percent  NFS  load  points  for  transducers  A-10,  B-01 
and  B-02  consistently  adhered  to  the  four-valued  pattern  shown 
conceptually  in  Figure  72.  This  complicates  the  problem  of  determining 
repeatability  as  such.  In  all  cases,  the  zero  returns  were  quite  good, 
particularly  after  completion  of  the  load  cycle,  shown  as  point  Z.  The 
differences  in  the  slow  cycle  hysteretic  behavior  of  the  center  plates  at 
zero  and  at  various  load  points  is  generally  consistent  with  the 
findings  reported  upon  in  Reference  35,  except  for  zero  returns. 

The  hysteresis  spread  in  the  measured  values  at  points  A,  B,  C, 
and  0  for  transducer  C-05  and  others  of  its  class  was  sufficiently  low  to 
make  it  a  logical  choice  for  further  testing  specifically  to  determine 
long  term  calibration  stability.  This  was  done  by  taking  zero  and  +  80 
percent  NFS  load  points  from  day  to  day  and  concluding  this  sequence  with 
a  13  point  calibration.  Table  13  is  a  summary  of  these  test  results, 
giving  both  fundamental  frequency  and  third  harmonic  measurements. 

Normal  procedure  in  all  previous  testing  was  to  "exercise"  the  CP  by 
applying  pressures  of  random  magnitude  and  direction  before  calibration. 
This  procedure  was  purposely  omitted  in  the  tests  which  yielded  the  data 
in  columns  dated  9/27  and  9/28.  The  effect  of  applying  a  strong  "DC" 
magnetic  field  was  to  decrease  the  effective  permeability  of  the  magnetic 
material  in  that  side  and  therefore  its  inductance.  This  created  a 
large  temporary  change  in  zero-measurand  output,  a/\(q)-  The  sPan 
sensitivity  was  also  reduced  by  about  50  percent.  There  appears  to  be  no 
permanent  change  in  transducer  output  as  a  result  of  its  exposure  to  DC 
or  AC  magnetic  fields  of  any  strength.  This  appears,  to  be  due  to  the 
fact  that  the  CP  annulus,  which  is  most  susceptible  to  these  effects,  is 
well  protected  by  the  body  mass  and  also  is  being  continuously 
"degaussed"  by  the  excitation  current.  The  dominant  controllable  factor 
in  calibration  repeatability  appears  to  be  the  pretest  mechanical  stress 
cycling  of  the  center  plate. 


-►PRESSURE  LOAD  -  %  NFS 


DATA  FOR  TRANSDUCER  B-02 
fJEST  *  3.0  KILOHERTZ 
VT  *  4.0  VOLTS  RMS 

FUNDAMENTAL  FREQUENCY 
OUTPUT  - 


NOT  TO  SCALE 


POINT 

Ai  (MILLIVOLTS) 

0 

0.0 

A 

+94.5 

3 

+103.5 

Y 

+  0.45 

C 

-88.8 

D 

-93.5 

Z 

+  0.22 

Figure  72.  Typical  Calibration  Characteristic  -  Variable  Reluctance 
Transducer 


TABLE  13 

CALIBRATION  REPEATABILITY  -  TRANSDUCER  C-05 
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Vx  =  4.002  ±0.006  VOLTS >  =  3005  ±6  HERTZ,ANGLES  /o  ±0.2°  ^OAD  =  T2B 

NEGATIVE  PRESSURE  DATA  TAKEN  ON  9/26.  +PERMANENANT  MAGNET  ATTACHED-ONE  SIDE. 
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Complete  data  from  the  final  calibration  of  transducer  C-03  dated 
10/2  are  presented  in  Table  14  and  15.  These  may  be  compared  with 
earlier  calibration  data  on  the  same  transducer  in  Tables  8  and  11.  Data 
from  two  calibrations  of  transducer  B-01  taken  one  week  apart  are 
presented  in  Table  16.  Partial  data  from  two  calibrations  of  transducer 
C-03  using  the  FTSC  and  equipment  arrangement  of  Figure  54  are  given  in 
Table  17.  The  signal  for  the  two-phase  voltmeter  was  taken  from  a  point 
within  the  FTSC  just  after  the  third  harmonic  filter  and  before  the 
demodulator.  The  in-phase  and  quadrature  voltage  readings  (I  and  Q)  so 
obtained  were  intended  only  for  evaluating  the  usefulness  of  this 
instrument  as  a  circuit  diagnostic  tool,  but  they  nevertheless  yielded 
some  interesting  repeatability  data  as  well. 

10.  CALIBRATION  SENSITIVITY  RATINGS 

Single  number  sensitivity  ratings  of  the  transducers  were  derived 
for  classification  purposes  from  the  fundamental  frequency  test  data 
previously  discussed.  Measurements  at  +  80  percent  NFS  were  selected 
which  appeared  to  be  typical  or  non-remarkable.  They  are  presented  in 
Table  18.  Some  tests  were  made  with  a  step-up  transformer,  T,,^  in 
Figure  53,  which  loaded  the  transducer.  Others  were  made  with  another 
transformer,  T2^,  which  provided  a  voltage  step-down  and  virtually 
infinite  load  impedance.  To  provide  a  valid  comparison,  all  data  were 
normalized  to  equivalent  open  circuit  values  as  they  would  have  appeared 
at  the  transducer  output  terminals;  that  is,  at  terminals  M  and  N  in 
Figure  53.  Data  taken  with  the  high  impedance  load,  transformer  T^gj, 
may  be  normalized  by  multiplying  measurements  by>/5.  The  normalization 
of  data  made  with  transformer  T2^,  which  loads  the  transducer,  requires 
that  the  reflected  load  impedance  be  determined,  as  well  as  the  voltage 
step-up  ratio.  The  impedance  at  the  primary  of  this  particular 
transformer  in  the  2-5  kilohertz  range  with  the  secondary  open-circuited 
was  determined  to  be  50n/75°.  This  is  due  to  leakage  reactance  in 
windings  and  magnetization  losses  in  the  core.  (Reference  8)  It 
matches  closely  the  fundamental  frequency  phase  angle  of  the 
transducer  for  this  reason,  and  simplifies  the  load  correction  process 
to  the  calculation  of  a  simple  voltage  divider.  This  is  shown 
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TABLE  15 

FUNDAMENTAL  FREQUENCY  CALIBRATION  DATA 
TRANSDUCER  C-05 

SECOND  CALIBRATION  DATE:  10/2 


%  NFS 
P,_ 


A.  uu. 


OUTPUT  -  MILLIVOLTS  /t>EGREES 


A-U  A'-U' 


A  \LLJ- 

A  ^ 


13.8  L21 


+  2.9  +13.5 


(0)  (0) 


(0) 


+40 


20.4/130 


-13.1  +15.6 


-16.0  +2.1 


16.1  OILS 


+80 


32.4/148 


-27.5  +17.2 


-30.4  +3.7 


30.6  /,  17.3.1 


+120 


46.4/156 


-42.4  +18.9 


-45.3  +5.4 


45.6  / 173.2 


+80 


32.7/148 


-27.7  +17.3 


-30.6  +3.8 


30.8  / 172.9 


+40 


20.4/130 


-13.1  +15.6 


-16.0  +2.1 


16.1  /  172.5 


13.8/  78 


+  2.9  +13.5 


-40 


21.1/  35 


+17.3  +12.1 


+14.4  -1.4 


14.5  / 354.5 


-80 


34.2/  17 


+32.7  +10.0 


+29.8  -3.5 


30.0  Z-353..3 


-120 


48.4/  9 


+47.8  +7.6 


+44.9  -5.9 


45.3  /  IZUl 


-80 


34.3/  17 


+32.8  +10.0 


+29.9  -3.5 


30.1  / 353.3 


-40 


21.2  Ljt± 


+17.6  +11.9 


+14.7  -1.65 


14.8  / 353.6 


13.8/  7_8_ 


+  2.9  +13.5 


163 


AFVIAL-TR-82-2T00 


TABLE  17 

CALIBRATION  REPEATABILITY  -  INSTALLED  SYSTEM 
VR  TRANSDUCER  AND  SIGNAL  CONDITIONER 
fREF:  FIGURE  54): 


PRESSURE  -  Pk 
INCHES  WATER 
0 
-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-I 
0 


TRANSDUCER  C-03 


FIRST  CALIBRATION 

OUTPUTS 

SECOND  CALIBRATION 
OUTPUTS 

MILLIVOLTS 

VOLTS 

MILLIVOLTS 

VOLTS 

I* 

q* 

FTO 

I* 

Q* 

FTO 

0.00 

-0.18 

+0.012 

-0.02 

-0.09 

+0.012 

-0.82 

-0.08 

-0.468 

-0.82 

-0.08 

-0.464 

•1.62 

+0.02 

-0.933 

-1.62 

+0.06 

-0.930 

-2.47 

+0.14 

-1.414 

-2.43 

+0.15 

-1.400 

-3.30 

+0.30 

-1.869 

-3.30 

+0.20 

-1.857 

-4.10 

+0.30 

-2.340 

-4.15 

+0.30 

-2.337 

-4.90 

+0.40 

-2.795 

-4.90 

+0.40 

-2.782 

-5.70 

+0.55 

-3.250 

-5.70 

+0.55 

-3.237 

-6.50 

+0.65 

-3.717 

-6.45 

+0.65 

-3.690 

-7.20 

+0.80 

-4.162 

-7.20 

+0.80 

-4.146 

-8.05 

+0.85 

-4.625 

-8.00 

+0.85 

-4.603 

-7.25 

+0.80 

-4.177 

-7.20 

+0.80 

-4.146 

-6.54 

+0.70 

-3.723 

-6.50 

+0.65 

-3.701 

-5.70 

+0.50 

-3.264 

-5.70 

+0.55 

-3.248 

-4.90 

+0.40 

-2.807 

-4.90 

+0.40 

-2.791 

-4.15 

+0.30 

-2.349 

-4.15 

+0.30 

-2.338 

-3.30 

+0.30 

-1.884 

-3.30 

+0.30 

-1.878 

-2.50 

+0.08 

-1.429 

-2.49 

+0.17 

-1.417 

-1.67 

+0.02 

-0.949 

-1.67 

+0.08 

-0.944 

-0.86 

-0.02 

-0.484 

-0.85 

-0.06 

-0.477 

-0.02 

-0.18 

+0.004 

-0.02 

-0.18 

+0.008 

*6  Kilohertz  Signals  -  RMS  Values 
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TABLE  18 

MEASURED  CALIBRATION  SENSITIVITY  VALUES  -  FUNDAMENTAL  FREQUENCY 
VARIABLE  RELUCTANCE  PRESSURE  TRANSDUCERS 

Sensitivity  S  -  \  (+0 #8)  x  O  ^  V*x 


TRANSDUCER 

EXCITATION 

S 

S' 

IDENT. 

VOLTS 

7T 

CUT 

£mz) 

MV  Full 

V  Scale 

^ypSI 

A-01 

2 

2 

29.4 

5.9 

i 

A- 10 

5 

2 

17.2 

34.5 

B-01 

4 

3 

31.8 

63.6 

i 

«• 

-  * 

B-02 

4 

3 

34.0 

68.0 

"v 

C-05 

4 

3 

21.4 

42.7 

31 

C-10 

5 

2 

33.5 

0.67 

t 

F-01 

5 

3 

131.9 

26.4 
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schematically  in  Figure  73.  The  effective  source  impedance,  Zg,  has  been 
previously  determined  to  be  Zy/4,  where  Zy  values  are  available  from 


Table  6.  Since  the  transformer  T 


2 A  has  a  voltage  step-up  ratio  o£y-i^i , 

J  U 


the  actual  open  circuit  fundamental  frequency  output  of  the  transducer 
across  terminals  M-N  is  0.274  times  that  obtained  from  the  voltage 
divider  calculation.  Therefore 


V,  =  v 
oc  meas 


ZG  +• 

x  0.274  (-Vl 


In  the  case  of  transducer  B-02,  was  measured  at  94.5  millivolts 

Vqc  =  94.5  x  0.274  x  ~7-vQ5Q  =  112.4  millivolts 


This  may  be  compared  with  the  actual  measurement  at  open  circuit 
conditions  of  113.3  millivolts.  This  current  mode  of  operation  might  be 
desirable  where  effects  of  lead  shunt  capacities,  such  as  C  in  Figure 

v# 

51,  or  electrostatic  noise  pickup  are  objectionable.  This  loading 
changes  the  relative  amplitude  and  phase  of  the  various  harmonics 
disproportionately.  Data  for  transducer  B-02  in  Table  19  illustrate 
this  point. 
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11.  OTHER  OBSERVATIONS 

A  small  but  measurable  droop  in  excitation  supply  voltage,  Vx,  was 
observed  as  loads  were  applied  during  calibrations  made  with  the  FTSC 
equipment  arrangement  similar  to  that  shown  in  Figure  54.  This  droop, 
measured  to  be  about  50  millivolts  (or  1%)  at  a  pressure  load  of  +  100 
percent  NFS,  is  caused  by  the  change  in  loading  on  the  excitation  power 
supply  from  the  pressure-dependent  inductance  Lc  in  Figure  24.  Voltage 
droop  was  not  present  in  tests  using  the  equipment  of  Figure  52.  This 
was  due  to  the  very  low  output  impedance  of  the  amplifier  and 
transformer  T^,  shown  in  Figure  53,  as  measured  at  terminals  E  and  G. 

This  supply  actually  represents  a  “brute  force"  approach  which  would  be 
neither  practical  nor  necessary  outside  the  laboratory.  The  remarkable 
zero  returns  exhibited  by  transducers  which  otherwise  show  poor  or 
undesirable  calibration  characteristics  are  probably  due  to  the 
continuous  dithering  of  the  CP  by  the  excitation  power.  Proof  of  this 
assertion  would  be  difficult  and  was  not  attempted.  The  calibration  of 
transducer  B-02  under  open-circuit  conditions  was  made  several  months 
after  the  calibration  with  the  50  ohm  load  of  transformer  T2A.  The  open- 
circuit  output  calculated  from  the  earlier  measurements  at  calibration 
point  "A",  Figure  72,  was  112.4  millivolts  at  353  degrees.  The  actual 
open-circuit  measurement  at  the  same  calibration  point  several  months 
later  was  113.3  millivolts  at  352  degrees.  The  long-term  stability  of 
this  model  is  undoubtedly  much  better  than  Indicated  by  the  data  for  unit 
B-01  in  Table  16.  The  center  plate  of  that  transducer  was  probably 
damaged  or  defective  before  any  calibration  were  made. 
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SECTION  XI 

PERFORMANCE  WITH  NON-STATIONARY  PRESSURES 

1.  FACTORS  LIMITING  FREQUENCY  RESPONSE 

The  inherent  response  mechanism  of  a  VR  transducer  -  FTSC  channel 
has  been  defined  sufficiently  to  consider  the  upper  frequency 
limitations  of  the  method.  It  will  be  assumed  temporarily  that  pressures 
of  any  frequency  may  reach  the  transducer  CP,  thereby  eliminating  tubing 
lag  time  uncertainties.  Values  for  maximum  allowable  phase  and 
amplitude  errors  associated  with  a  desired  maximum  data  frequency 
must  then  be  specified.  There  are  a  number  of  system  characteristic 
frequencies  which  limit  “f (raax) • 

is  the  frequency  of  predominant  mechanical  resonance  of  the 
transducer  center  plate,  usually  the  first  circular  bending  mode.  If  the 
damping  characteristics  are  known,  the  response  errors  may  be  corrected 
reliably  up  to  about  80  percent  of  co^.  Normally,  however,  damping 
characteristics  are  not  sufficiently  predictable  or  controllable  to  give 
reliable  results  at  such  high  frequencies.  A  comnonly  used  rule  of  thumb 
sets  a  maximum  useful  limit  on  due  to  the  cause  at  o»M/5 . 

is  the  practical  upper  frequency  limit  of  pressure  data,  p(t), 
which  will  "survive"  the  frequency  translation  ("demodulation")  operation 
and  appear  at  the  output  of  the  FTSC  as  r(t).  This  frequency  is  dependent 
on  oic,  and  can  be  expressed  as  a>c/N.  The  value  of  N  is  constrained  on  the 
low  end  by  the  possibility  of  creating  spurious  OC  and  low  frequency  com¬ 
ponents  in  r(t)  due  to  frequency  folding  (Reference  36)  In  theory,  N  may 
approach  a  minimum  value  of  2,  but  in  practice,  higher  values  are  necessary, 
with  a  value  of  5  commonly  being  used.  This  conflicts  with  the  desirability 
of  keeping  N  as  low  as  possible  to  minimize  e  ,  the  lost  high  frequency 
information.  If  very  sharp  cut-off  low  pass  filters  are  available,  N 
values  of  3  or  4  might  be  allowable.  (Table  1).  Note  that  in  AM  radio 
broadcasting,  this  problem  does  not  become  evident,  since  a  useful 
maximum  audio  (data)  frequency,  &>  ,  of  10  kilohertz  and  a  typical 

d 

carrier  frequency,  u>c,  of  I  megahertz  constitute  an  N  value  of  100,  which 
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is  easy  to  realize.  This  is  also  true  of  many  capacitive  transducers, 
since  they  usually  require  a  high  excitation  frequency  to  produce  a 
useful  output  signal  amplitude. 

ojjj  is  the  frequency  of  forced  vibration  of  the  center  plate  due  to 
unequal  forces  of  magnetic  pull  toward  the  pole  pieces  set  up  by  the 
alternating  current  excitation  in  the  Coils.  An  imbalance  in  the  two 
opposing  forces  could  be  created  by  minute  differences  in  coil  or  airgap 
geometry,  asymmetry  of  spring  rates  in  the  CP  on  either  side  of  the 
neutral  position,  or  a  deflection  of  the  CP  due  to  applied  pressure. 
Asuming  the  waveform  of  the  applied  excitation  ampere-turns  causes  a 
sinusoidal  flux  density,  the  unbalance  in  the  flux  density,  8' (t),  will 
be  S(J)axsinu(.t.  A  current  will  be  induced  in  the  CP  which  is  proportional 
-  d8'  _  . 

to  p  or  <d.8‘  cosai  t.  This  current  will  react  with  the  original 
at  c  max  c  3 

differential  flux  density  to  cause  a  force  which  is  proportional  to  B'xi, 

or  ^&maxsin<1)ct^*^a>cSmaxC0Suict^  Since  this  reduces  to  l/2a)c(8IJ,ax)2sin2tu(;t 
the  force  and  deflection  fundamental  frequency,  u)b>  will  be  equal  to  2wc. 


'ov  is  the  frequency  of  acoustic  resonance  of  the  internal  cavity  of 
the  transducer.  Most  VR  transducers,  such  as  A-10,  B-01,  and  C-05  are 
constructed  with  external  extension  pipes  for  attaching  pneumatic  tubing. 
Information  on  acoustic  resonance  of  these  transducers  standing  alone  is 
of  limited  usefulness.  It  does,  however,  provide  an  indication  of  the 
upper  response  limit  of  any  pneumatic  system  which  includes  the 
transducer.  <uv  will  be  affected  by  gas  composition  because  of  specific 
heat  effects.  All  of  the  sample  VR  transducers  except  D-01  and  F-01  have 
complex  internal  pneumatic  paths  which  include  branches  for  bleeding 
hydraulic  fluid.  This  makes  it  virtually  impossible  to  determine  the 
acoustic  behavior  of  these  transducers  by  mean  of  analysis. 
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Simultaneous  consideration  of  the  above  frequency-dependent  effects 
and  stimulus-response  relationships  shows  the  complex  nature  of  the 
practical  upper  limit  of  “f (max) •  An  additional  constraint  will  result 
from  any  non-linearity  of  the  mechanical  force-deflection  relationship 
in  the  CP.  Unless  differs  greatly  from  a^,  "beats",  or  sum  and 
difference  frequencies, may  be  created  mechanically  in  the  CP  and  appear 
in  the  FTO.  Since  both  excitation  frequency  and  CP  resonance  often  fall 
in  the  range  from  2  to  20  kilohertz,  creation  of  beats  is  a  distinct 
possibility.  Spurious  signals  of  several  thousand  Hertz  observed  by  the 
author  of  Reference  10  in  the  FTO  of  his  capacitive  transducer  were 
attributed  to  the  presence  of  electrostatic  attraction  forces. 

Fluctuating  pressures  containing  frequency  components  in  the  same  range 
might  also  cause  additional  beats  unless  they  are  removed  in  the 
connecting  tubulation. 

The  concept  of  aia,  the  maximum  pressure  data  frequency  which  will 
"survive"  the  frequency  translation  or  "demodulation"  process,  was 
discussed  in  Section  IV  using  well-known  theory  from  amplitude 
modulation  communication  systems.  This  theory  also  defines  the  effects 
of  other  elements  in  the  path  of  the  signal  in  the  <uc  regime  through  the 
FTSC  upon  signals  corresponding  to  non-stationary  pressures  in  the 
original  frequency  regime,  uif.  This  regime  is  called  the  "baseband"  in 
communications  work.  The  other  elements  or  devices  in  the  a>c  signal  path 
may  include  active  gain  devices,  circuit  stray  reactances,  notch  networks 
and  transformers.  8oth  the  amplitude  and  phase  characteristics,  of  the 
kind  shown  in  Figures  4  and  55,  will  affect  the  amplitude  and  phase 
relation  between  the  original  pressure,  p(t),  and  the  processed  signal, 
r(t). 

2.  CENTER  PLATE  VIBRATIONAL  CHARACTERISTICS 

Center  plate  resonant  frequency  values  for  commercially  available 
VR  transducers  are  frequently  stated  with  the  qualification  "nominal", 
implying  that  the  values  are  estimations  or  approximations  based  on 
physical  dimensions.  The  electrical  arrangement  of  Figure  74  was  devised 
in  an  attempt  to  detect  and  possibly  measure  mechanical  resonance  of  the 
CP  in-place  in  the  transducer.  The  three  types  of  low  range  (0.5  PSID) 
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74.  Center  Plate  Mechanical  Resonance  Test  Scheme  -  Variable 
Reluctance  Pressure  Transducer 
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transducers  emitted  double-frequency  sound  under  normal  operating 
conditions,  particularly  units  B-01  and  B-02.  The  addition  of  the  DC 
component  of  current  in  coil  (B-C)-O  increased  the  audible  vibration  at 
the  fundamental  forcing  frequency.  The  character  of  the  sound  changed 
somewhat  with  pressures  applied.  Measurements  of  ^  were  tried  only  at 
atmospheric  pressure. 

The  test  on  C-05  produced  audible  outpCit  from  several  hundred  to 
about  12,000  Hertz.  There  were  noticeable  peaks  in  electrical  output 
induced  in  coil  A-(B-C)  due  to  motion  of  the  CP.  These  peaks  were 
located  at  600,  3400,  and  9900  Hertz.  The  peak  at  600  Hertz  was  rather 
broad  and  the  Increase  in  audible  output  was  not  pronounced.  The  peak  in 
electrical  output  virtually  disappeared  when  one  or  both  pressure  ports 
were  partially  or  fully  stopped  off,  but  the  sound  became  very 
prominent.  This  rise  in  sound  emission  is  due  to  acoustical  resonance 
within  the  CP  chamber.  Internal  air  passages  and  the  external  connection 
pipes,  which  extend  one-half  inch  out  of  the  body.  There  was  a 
moderately  broad  peak  in  electrical  signal  at  3400  Hertz.  With  one  or 
both  ports  stopped  off,  this  peak  shifted  to  3800  Hertz.  There  was  a 
very  sharp  electrical  peak  of  predominately  sinusoidal  character  at  9900 
Hertz,  accompanied  by  a  sharp  rise  in  sound  emission.  The  electrical 
peak  was  not  affected  by  covering  the  ports. 

The  disparity  in  resonance  sharpness  at  the  3400  and  9900  Hertz 
peaks  suggests  that  these  are  the  locations  of  two  different  shape  modes 
and  not  a  harmonic  relationship.  They  both  seem  to  be  genuine  mechanical 
resonances.  However,  the  frequency  ratio  9900/3400  does  not  corespond 
to  any  of  the  mode  shapes  given  in  Referenda  22  for  circular  plates 
clamped  at  the  circumference.  This  response  is  probably  due  to  shape  or 
stress  Irregularities  in  the  CP  induced  in  manufacturing  similar  to 
those  exhibited  by  unit  C-03  under  steady  state  conditions  (Figure  59). 
The  moderate  shift  in  frequency  of  the  mechanical  resonance  at  3400 
Hertz  caused  by  changes  in  air  compression  damping  is  typical  of  low  "Q" 
resonant  systems. 
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Similar  results  were  obtained  in  tests  on  transducers  A-10  and  B- 
01.  The  results  are  summarized  in  Table  20. 


TABLE  20 

VIBRATIONAL  CHARACTERISTICS  OF  CENTER  PLATE  SUSPENSIONS 
LOW  RANGE  VARIABLE  RELUCTANCE  PRESSURE  TRANSDUCERS 


Transducer 

Identity 

Acoustical  Resonance 
cov(  Hertz) 

Principal  Open/Closed 
a>M(  Hertz) 

Higher  Modes 
(Hertz) 

A-10 

700 

6700/6250 

None 

B-01 

570 

4800/5000  and 
6900/6900 

15K 

C-05 

600 

3400/3800 

9900 

The  overall  construction  of  the  other  classical  type  VR  transducers 
was  different  from  the  low  range  types  and  no  acoustical  resonances  were 
detectable.  This  is  a  shortcoming  of  the  test  method.  These 
transducers  were  higher  pressure  range  types  and  vibrations  were  not 
evident  with  the  limited  excitation  forces  available.  One  exception  was 
unit  C-ll,  which  is  a  large,  bulky  unit  rated  at  +  10  PSID  NFS.  It 
exhibited  a  mechanical  resonance  at  5800  Hertz. 

3.  RESPONSE  MEASUREMENT  TECHNIQUES 

Attention  was  then  directed  toward  the  possibility  of  making  end- 
to-end  response  calibrations  using  a  periodic  pressure  function  as  the 
test  measurand.  The  two  items  of  special  test  equipment  needed  are  a 
variable-frequency  generator  of  pneumatic  or  hydraulic  pressures  and  an 
FTSC  having  known  phase  and  amplitude  throughput  characteristics.  Actual 
electrical  measurements  should  be  made  on  the  FT'.C  to  define  these 
characteristics.  The  amplitude  (gain)  and  phase-  characteristics  of  AC 
servo  systems  are  important  because  they  affect  system  stability  and 
response  under  closed  loop  conditions.  Methods  and  test  equipment  for 
bench-testing  AC  servomechanisms  can  be  used  to  test  the  response  of 
FTSC’s  provided  they  will  operate  at  the  higher  center  frequencies  used 
in  VR  transducer  work.  Any  electrical  signal  generator  which  will 
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generate  a  "carrier”  frequency,  cuc,  amplitude  modulated  with  a  baseband 
frequency,  ,  which  can  be  varied  from  near  zero  to  <uc/N  can  be  used  to 
measure  directly  the,.^  response  of  an  FTSC.  This  method  is  illustrated 
in  Figure  75.  The  impedance,  Zq,  is  a  simulation  of  the  VR  transducer 
which  should  be  included  in  cases  where  loading  by  the  FTSC  input  circuit 
might  be  significant.  This  test  method  will  eliminate  all  unknowns  in 
the  electrical  response  of  the  FTSC  and  pave  the  way  for  making  end-to- 
end  pressure  response  tests. 

If  the  potential  upper  frequency  capability  of  any  VR  transducer 
design  is  to  be  realized  in  practice,  the  commonly  used  method  of 
introducing  the  pressure  medium  into  the  CP  chamber  must  be  changed.  The 
awkward  external  tubulation  made  necessary  by  the  radial  connecting 
pipes,  shown  in  Figure  1,  can  be  eliminated  by  drilling  one  or  both  access 
ports  axially  through  the  center  of  the  body  and  pole  piece.  This 
method  of  construction  was  used  in  the  case  of  transducer  D-01,  which  was 
available  with  an  internal  opening  in  each  body  half,  or  with  external 
threaded  nipples.  The  internal  opening  geometry  is  more  compatible  with 
the  close  coupling  arrangements  needed  with  high-frequency  pressure 
calibrators,  and  would  reduce  or  eliminate  the  application  problems  at 
medium  frequencies  caused  by  internal  acoustical  resonances  exhibited  by 
transducers  A-10,  8-01  and  C-05. 

The  "dynamic"  pressure  generator  for  calibrating  transducers 
described  in  Reference  37  has  a  useful  upper  limit,  ^(max)»  over  2000 
Hertz.  It  is  a  hydraulic  device,  thereby  eliminating  calibration 
uncertainties  caused  by  gas  compressibility.  Much  useful  information 
about  frequency-dependent  effects  can  be  obtained  using  methods  which 
provide  only  a  relative  indication  of  output  as  frequency  is  varied, 
rather  than  one  which  is  highly  accurate  in  the  absolute  sense.  The 
method  described  in  Reference  37  is  to  compare  the  output  of  the 
transducer  under  test  with  that  of  a  "reference"  transducer  which  behaves 
in  a  known  manner  with  respect  to  frequency.  A  flush-mounted  piezo¬ 
electric  transducer  is  used  as  a  reference  in  this  and  many  other 
calibration  schemes  because  of  its  very  high  resonant  frequency  and 
because  its  signal  output,  although  very  low,  is  exceptionally  uniform  in 
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amplitude  and  phase  with  respect  to  frequency  above  several  Hertz. 
Research  tests  on  the  response  of  a  VRT/FTSC  channel  would  consist  of 
comparisons  of  both  phase  and  amplitude  of  the  FTO  with  the  output  of  the 
piezo-electric  transducer  channel.  To  eliminate  electrical 
uncertainties  at  the  high  frequencies,  a  special  high-frequency  FTSC 
would  be  required,  and  the  temperature  of  the  transducer  must  be  closely 
controlled.  The  total  calibration  error  in  the  system  described  in 
Reference  37  is  stated  as  _*  4  percent  in  the  frequency  range  from  35  to 
2000  Hertz.  The  void  in  the  spectrum  from  zero  to  35  Hertz  could  be 
filled  by  a  positive  volumetric  displacement  pneumatic  device;  that  is, 
one  which  generates  the  function  AV/V.  Such  a  device  can  be  constructed 
with  an  eccentric-operated  bellows  driven  by  a  variable  speed  motor.  A 
steady-state  component  can  be  superimposed  on  the  fluctuating  pressure. 
Continuity  with  respect  to  frequency  is  assured  when  there  is  a 
substantial  overlap  region  of  frequencies  in  which  the  phase  and 
amplitude  response  of  the  high-frequency-limited  transducer  (such  as 
"diaphragm"  types)  and  the  low-frequency  limited  piezo-electric  reference 
transducer  are  identical.  This  continuity,  combined  with  the  high 
accuracy  of  steady-state  (zero-frequency)  test  methods  would  give  a  very 
reliable  account  of  the  channel  response  over  the  entire  range  from  zero 
to  at  least  1000 Hertz.  The  upper  frequency  limit  would  be  set  by  the 
electrical  parameter,  W./N,  and  by  the  volumetric  change  AV/V  in  the  VR 
transducer  due  to  center  plate  compliance^'. 

Reference  37  and  three  other  papers  describing  periodic  pressure 
generators  of  different  kinds  have  been  synopsized  for  the  reader's 
convenience  in  Appendix  C. 

Due  to  the  complexity  and  scope  of  the  effort  necessary,  no  actual 
response  tests  were  performed  in  this  program. 


^ For  example  the  manufacturer  of  transducers  3-01  and  3-02  quotes  the 

-4 

volumetric  change  under  NFS  pressure  as  1 .2  x  10  cubic  inch  out  of 
a  total  of  2.6  x  10  cubic  inch. 
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4.  OUTPUT  FILTERS 

By  convention,  output  filters  are  included  as  an  integral  part  of 
most  FTSC's.  The  need  for  these  filters  was  discussed  in  Section  IV.  By 
including  these  filters  in  his  equipment,  the  vendor  of  FTSC's  of 
necessity  makes  some  assumptions  as  to  the  type  of  output  device  which 
the  customer  will  use.  Since  these  filters  operate  directly  in  the 
baseband  or  aif  frequency  regime,  their  effects  on  the  data  may  be 
determined  by  straightforward  electrical  circuit  analysis.  The  use  of 
active  ouptut  filters  has  become  common.  In  many  cases,  the  same 
circuits  are  used  to  provide  post-demodulation  voltage  or  power  gain. 
Since  they  must  pass  the  steady-state  component,  r$,  the  DC  stability  and 
common  mode  performance  requirements  for  FTSC  output  filters  are  the 
same  as  for  any  other  signal  conditioner.  This  puts  the  burden  of 
Isolation  from  grounds  and  other  signal  lines  on  the  DC  power  supplies 
for  the  filter  circuitry  rather  than  on  the  "demodulator"  transformers, 
shown  as  T3  and  T4  in  Figure  27.  The  stability  of  these  DC  supplies 
directly  affects  the  zero-level  and  span  (calibration)  of  the  entire 
channel,  so  they  must  possess  very  good  voltage  regulation.  The  signal 
conditioner  used  In  the  work  described  in  Reference  11  used  active  low- 
pass  output  filters  at  the  +5  volt  level,  with  one  output  terminal  of 
each  channel  connected  to  equipment  ground  ("single-ended").  Although 
the  ouput  data  lines  were  several  hundred  feet  long,  the  differential 
isolated  input  amplifiers  In  the  data  acquisition  system  were  very 
effective  in  eliminating  ground  loops  and  other  noise  problems. 
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SECTION  XII 

OESIGN  IMPROVEMENTS  AND  APPLICATION  TECHNIQUES  FOR 
VARIABLE  RELUCTANCE  PRESSURE  TRANSDUCERS 

Possible  improvements  which  might  increase  the  precision  of 
measurements  made  with  VR  pressure  transducers  range  from  minor  changes 
in  circuit  and  mechanical  Installation  details  to  major  changes  in 
structural  design  and  materials.  Table  21  summarizes  some  of  the  more 
obvious  changes  and  gives  some  specific  examples.  It  appears  that 
Incorporating  such  improvenents  might  also  result  in  some  loss  of  the 
Inherent  simplicity  of  the  basic  design.  When  considering  changes  to 
improve  performance,  it  is  desirable  to  retain  as  much  as  possible  the 
present  qualities  of  corrosion  resistance,  electrical  feed-through 
integrity,  low  Internal  volume,  CP  replaceabllity,  and  ruggedness. 

Center  plate  manufacture  Is  a  critical  factor  in  the  performance  of 
these  transducers.  The  center  plates  of  both  the  capacitance  and  VR 
transducers  constructed  by  the  author  of  Reference  10  were  made  by 
machine  turning,  as  illustrated  in  Figure  12(e).  The  deflection 
characteristics  and  stability  were  reported  to  be  quite  satisfactory,  but 
the  author  first  found  it  necessary  to  reduce  instability  due  to  high 
local  assembly  stresses  by  cutting  notches  in  the  edges  of  the  thick 
outer  section.  This  method  seems  preferable  to  manufacturing  CP's  from 
flat  stock.  It  also  allows  for  the  possibility  of  contouring  the  cross 
section  in  the  region  of  the  pole  pieces  to  improve  linearity.  The 
response  to  thermal  shock  of  a  transducer  having  a  CP  of  this  kind  should 
be  quite  good. 

Whenever  the  application  will  allow,  a  number  of  performance 
Improvements  could  be  obtained  by  using  the  tandem  arrangement  of 
identical  transducers  shown  in  Figure  76  instead  of  a  single  transducer. 
When  arranged  as  shown,  the  deflections  of  the  center  plates  of  both 
transducers  VRT-1  and  VRT-2  in  response  to  acceleration  will  cause  a  net 
electrical  output  of  zero  across  terminals  (B-C)  and  (B'-C).  By  cross- 
connecting  pressure  ports,  a  positive  pressure  applied  to  P^  and  will 
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Figure  76.  Tandem  Installation  -  Variable  Reluctance  Pressure  Transducer 
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Increase  both  and  and  decrease  L£  and  L^,  causing  an  electrical 
output  twice  that  of  a  single  transducer.  Moreover,  the  currents  in  leg 
(Li  +  Lg)  and  leg  (L[  +  L£)  will  have  the  same  harmonic  content  giving  a 
better  null  of  all  harmonics  at  zero  input  pressure,  as  well  as  the 
fundamental.  Asymnetry  of  calibration  slopes  about  the  origin  may  be 
reduced  by  proper  pairing  of  transducers.  In  the  case  of  a  new  design, 
single  case  half  might  be  machined  so  as  to  Include  two  pole-piece 
recesses  side-by-side,  giving  a  one-piece  dual  element  assembly. 

This  tandem  arrangement  has  the  following  disadvantages: 

-  It  complicates  the  pneumatic  inlet  geometry. ^ 

-  The  load  on  the  power  supply  Is  doubled,  and  its  impedance  as  a 
signal  source  Is  doubled. 

-  It  requires  an  additional  lead  wire  per  channel. 

-  For  a  given  design  of  the  active  elements,  the  bulk  and  materials 
cost  will  be  doubled. 

A  conceptual  design  of  a  CP  Incorporating  both  the  notched  machined 
structure  and  a  side-by-side  dual  element  Is  shown  in  Figure  77a. 

Another  possibility  for  Improving  electrical  performance  at  high 
frequencies  would  be  a  CP  constructed  of  high-resistivity  or  non- 
conductlve  material  having  a  thin  deposited  or  bonded  layer  of  magnetic 
material  of  optimum  shape  for  the  flux  return  paths.  This  concept  is 
Illustrated  In  Figure  77b.  The  return  flux  paths  for  each  side  of  the 
transducer  are  separated,  reducing  the  mutual  coupling  between  the  coils 
The  relatively  small  magnetic  cross  section  would  require  the  use  of 
relatively  low  excitation  flux  densities,  but  the  signal  output  level 
would  still  be  adequate  because  of  the  reduction  in  eddy  current  losses. 


*If  the  second  transducer  Is  used  only  as  an  anti-acceleration  dummy, 
no  pneumatic  connections  are  needed  and  an  Internal  pneumatic  bleed 
between  the  two  sides  of  the  CP  would  be  provided.  The  electrical 
circuit  would  then  become  a  two-active  arm  bridge  with  dummy  impedances 
like  that  of  Figure  31-11 I . 
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A.  MACHINED  DUAL  ELEMENT 


8.  HIGH  RESTIVITY  CENTER  PLATE 

Figure  77.  Center  Plate  Design  Concepts 
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Some  external  circuit  techniques  are  available  which  can  reduce 
drift  In  output  and  zero  due  to  changes  in  transducer  temperature.  The 
temperature-sensitive,  resistances  which  comprise  the  eddy  current  system 
affect  the  input  current  to  the  transducer  when  it  is  fed  constant 
voltage.  There  will  also  be  a  variable  drop  In  signal  output  voltage  in 
this  network  If  the  signal  conditioner  Input  circuit  places  a  current 
load  on  the  transducer.  These  effects  can  be  minimized  without 
resorting  to  temperature-dependent  resistors  by  the  following  methods: 

-  Provide  a  second  coil  for  sensing  flux  density  in  one  or  both 
pole  pieces  and  use  the  voltage  generated  to  control  the  input  current  to 
the  transducer. 

-  Keep  the  Input  Impedance  of  the  signal  conditioner  very  high. 

-  Use  a  potentiometric  circuit  such  as  in  Figure  53  to  null  the 
zero-measurand  fundamental  frequency  output.  Circuits  such  as  shunt 
resistance  and  capacitances  which  force  current  through  the  transducer 
coils  should  be  avoided. 

The  first  method  (a)  is  illustrated  in  Figure  78.  The  control  parameter 
is  the  average  output  of  the  two  colls  (E-F)  and  (G-H).  This 
instantaneous- value  feedback  loop  may  present  some  loop  stability 
problems.  Since  the  drift  of  concern  is  slow,  a  frequency- translated 
control  loop  incorporating  a  voltage-controlled  amplifier  might  be  used, 
as  illustrated  in  Figure  78(b). 

A  major  obstacle  to  manufacturing  miniature  versions  of  the  VR 
transducer  IS  the  difficulty  of  winding  and  installing  the  coils.  This 
can  be  remedied  by  using  fewer  turns.  Output  signal  level  can  be 
maintained  by  proper  choices  of  Impedance  (turns)  ratios  for 
transformers  T^  and  T£  in  Figures  31  and  35.  Other  circuit  techniques 
which  can  be  applied  to  the  practical  problem  of  measuring  pressures 
with  VR  transducers  are  described  in  Appendix  E.  They  are  of  less 
general  interest  from  the  standpoint  of  product  improvement. 
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VR  TRANSDUCER 


A.  INSTANTANEOUS  FEEDBACK 
LOOP 


voltage-controlled 


B.  FREQUENCY- TRANSLATED 
CONTROL  LOOP 


VR  TRANSDUCER 


Figure  78.  8-Sense  Coll  Constant-Current  Excitation  Scheme 
Reluctance  Pressure  Transducer 


-  Variable 
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A  design  modification  which  permits  direct  axial  pneumatic  entrance 
to  the  CP  is  illustrated  in  Figure  79.  Case  halves  could  be 
manufactured  In  either  the  radial  or  axial  configuration  and  still  be 
electrically  Identical.  They  could  then  be  combined  as  required  for  a 
given  Installation,  such  as  the  aerodynamic  surface  shown. 


AERODYNAMIC  SURFACE  ORIFICE  PRESSURE  PORT 


•y 


NEW  AXIAL  PORT  CASE  HALF. 


CONVENTIONAL  RADIAL  PORT  CASE  HALF  WITH  FLUX  BALANCER  HOLE  ADDED. 


Figure  79.  Case-Half  Modification  for  Specific  Application  -  Variable 
Reluctance  Pressure  Transducer 
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SECTION  XIII 
CONCLUSIONS 


1.  MEASUREMENT  PRECISION 

If  manufacturing  consistency  can  be  achieved,  present  designs  of  VR 
transducers  can  provide  steady-state  calibration  characteristics  at 
least  as  good  as  those  obtained  from  transducer  C-03.  This  kind  of 
transducer  would  be  of  considerable  value  In  low  speed  aerodynamics 
testing  of  the  type  described.  Application  problems  would  consist  of 
reconciling  desired  and  achievable  high-frequency  response  and  designing 
the  physical  installation.  The  custom  of  providing  only  radial 
pneumatic  ports  severely  restricts  the  useable  frequency  response. 

Removal  of  this  limitation  by  providing  axial  openings  would  increase  the 
usefulness  of  the  transducer  by  allowing  more  flexibility  in  tubulation 
system  design. 

In  the  present  state  of  development,  individual  selection  of 
transducers  and  avoidance  of  severe  temperature  environments  are  virtual 
necessities.  With  individual  end-to-end  steady  state  and  response 
pressure  calibrations,  reasonable  values  for  maximum  measurement 
imprecision  due  to  all  causes  except  large  ambient  temperature  changes 
may  be  stated  for  classification  purposes  as  follows: 

+  0.3  Percent  of  Nameplate  Full  Scale  steady  state  amplitude 

+  3.0  Percent  of  Nameplate  Full  Scale  up  to  a  frequency  of  <"M/5  or 
a^/5,  whichever  is  lower 

+  20  degrees  at  maximum  baseband  (cu^)  frequency  if  is  no  greater 
than  6  kilohertz 

With  minor  product  Improvements,  mainly  control  of  centerplate 
deflection  characteristics,  these  same  specifications  could  be  applied  to 
a  given  make  and  model  of  transducer  as  a  class  without  resorting  to 
selection  and  rejection  procedures.  Then  it  may  become  practical  to 
create  and  apply  standards  and  practices  covering  calibration  and 
operation  VR  trans  'ucers  with  both  steady-state  and  fluctuating 
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pressures.  Statement  of  standard  test  conditions  and  electrical 
parameters  of  the  kind  used  in  the  tests  described  in  Section  X  would  be 
part  of  the  standards.  The  specifications  for  curve  shape  in  lieu  of 
linearity  might  be  stated  in  the  form  of  central  values  and  tolerance 
limits  for  the  constants  a  and  c  in  the  characteristic  curve  y  *  c  ( a"+-x)  ‘ 
With  the  sane  minor  manufacturing  improvements  as  before  and  individual 
selection  of  transducers,  the  following  measurement  precision  may  be 
achievable: 

+  0.10  Percent  of  Nameplate  Full  Scale  steady  state  amplitude 

+  2.0  Percent  of  Nameplate  Full  Scale  up  to  wM/3  or  ^3,  whichever 
is  lower,  with  appropriate  filter  in  the  FTSC 

+  5  degrees  at  maximum  baseband  (“f)  frequency  if  is  no  greater 
than  6  kilohertz 

2.  FREQUENCY  RESPONSE  TESTING 

Because  of  the  inherent  characteristics  of  both  the  VR  transducers 
and  the  available  periodic  test  pressure  "generators",  a  natural  barrier 
seems  to  exist  at  about  2-3  kilohertz,  limiting  the  reliability  of 
response  test  data  above  those  frequencies.  At  present,  response  tests 
can  be  performed  at  all  frequencies  below  this  limit  with  sufficient 
accuracy  to  be  considered  "calibrations".  At  higher  frequencies, 
available  techniques  can  be  used  to  expose  significant  performance 
deficiencies,  but  the  accuracy  of  transduction  can  only  be  inferred, 
using  knowledge  of  the  physical  structure  and  geometry  of  the  transducer. 
However,  this  capability  should  suffice  for  testing  VR  transducers  in 
their  present  state  of  development  and  for  the  immediate  future. 

3.  FUTURE  PROOUCT  DEVELOPMENT  AND  IMPROVEMENT 

The  more  venturesome  VR  transducer  product  improvements  which 
appear  feasible  in  the  near  future  have  been  discussed  in  Section  XII. 
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4.  SIGNAL  CONDITIONERS 

Frequency-translating  signal  conditioners  for  VR  transducers  do  not 
represent  a  serious  design  or  manufacturing  problem.  The  field  of 
automotive  and  consumer  electronics  can  be  sources  of  technology  for 
manufacturing  reliable  FTSC's  for  aerospace  use.  The  two-phase  voltmeter 
is  a  very  useful  tool  in  studying  electrical  circuit  operation  in  the 
entire  range  of  work  from  equipment  design  to  troubleshooting  installed 
systems . 

5.  CHARACTERISTIC  CURVE  SHAPE 

In  applications  where  a  specific  calibration  curve  shape  is 
required,  the  transduction  characteristic  of  Figure  15  can  be  modified 
point-by-point  by  means  of  a  very  small  scale  digital  sub-system.  These 
microprocessors  possess  sufficient  speed  that  both  quasi -steady  state  and 
fluctuating  FTO  signals  can  be  accommodated.  They  could  be  included  as 
an  integral  part  of  the  FTSC.  These  microsystems  could  also  be  used  to 
remove  specific,  unwanted- transducer  responses  to  pressure  fluctuations 
or  mechanical  vibration.  There  appears  to  be  little  advantage  in  using 
the  digital  sampling  approach  to  frequency  translation,  as  shown  in 
Figure  9b(4),  unless  it  is  planned  as  an  integral  part  of  the  total  data 
acquisition  scheme. 

6.  PERFORMANCE  OF  EQUIPMENT  USED  IN  TESTING 

All  equipment  used  in  the  testing  phase  which  has  been  identified 
by  make  and  model  performed  satisfactorily  for  the  use  at  hand. 

Treatment  of  data  was  arranged  so  as  to  avoid  conclusions  as  to  its 
performance  with  respect  to  the  manufacturer's  specifications  and 
comparisons  with  similar  equipment  from  other  manufacturers. 
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APPENDIX  A 

DEFINITIONS  FOR  AERODYNAMIC  MEASUREMENTS 
IN  COMPRESSOR  TESTING 

Steady-State  (Or  Stationary)  -  Variables  measured  while  the  test  process 
Is  being  held  at  a  given  operating  point  for  a  time  period  which  is  very 
long  compared  to  the  period  of  the  least  rapidly  varying  significant 
aerodynamic  process. 

Transient  -  A  shaped  forcing  function,  or  the  compressor  response 
thereto,  usually  from  one  coimanded  steady-state  operating  point  to 
another . 

Static  -  A  pressure  measured  with  the  vector  velocity,  u,  of  the  gas 
at  zero. 

Dynamic  -  This  word  should  only  be  used  for  subsonic  aerodynamic 
velocity  head,  "q“.  given  by  q  *  1/2  pu2.  It  should  not  be  used  to 
refer  to  fluctuating  or  oscillating  variables  or  the  instrumentation 
used  to  measure  and  record  them. 

Fluctuating  (Or  Non-Statlonary)  -  Varying  randomly;  or,  varying  rapidly 
In  response  to  some  undefined  or  spurious  forcing  function. 

Oscillating  -  Varying  in  a  periodic  manner. 

Quasi  Steady-State  -  Variables  or  measurements  which  change  at  a 
sufficiently  slow  rate  that  their  measurement,  recording,  and  analysis 
can  be  simplified  with  little  or  no  error  by  assuming  that  it  is 
actually  steady-state. 

Average  -  The  value  of  a  variable  or  measurement  which  originally 
contained  fluctuations  at  a  high  frequency  after  being  processed  to 
remove  all  components  above  some  lower  frequency.  An  assumption  is  made, 
based  on  an  analysis  of  the  experiment,  that  all  frequencies  above  a 
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certain  value  are  of  no  significance  in  the  particular  data 
interpretation  problem  at  hand  and  must  be  removed  or  averaged  to 
simplify  this  interpretation  or  analysis. 
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APPENOIX  B 

TYPICAL  TUBULATIQN  SYSTEM  FREQUENCY  CHARACTERISTIC 

CONDITIONS  ASSUMED 
Tubing  Length:  7  feet 
Tubing  Diameter:  1/8"  O.O. ,  0.08"  I.D. 

Steady  State  Pressure  Level:  Ps  *  20  x  P^ 

Temperature:  610°R 


J?f_ 

AMPLITUDE 

SECOND  HARMONIC 

2ir(Hz) 

REDUCTION  -  * 

DISTORTION  -  * 

0.1 

2 

0 

1.0 

6 

0.7 

3.0 

10 

M  s  a* 

10.0 

20 

6.3 

100.0 

70 

SOURCE: 

Fisher,  J.,  Shaffernocker,  W.,  Stanforth,  C.,  and  Williams,  J., 
"Instrumentation  Design  Study  for  Testing  a  Hypersonic  Ramjet 
Engine  on  the  X-15  A-2,"  1965.  NASA  Contractor  Report  CR-62148. 
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APPENDIX  C 

SYNOPSIS  OF  FOUR  SELECTED  REFERENCES  ON 
GENERATION  OF  PERIODIC  PRESSURES 

L.  Development  and  Testing  of  Techniques  for  Oscillating  Pressure 
Measurements  Especially  Suitable  for  Experimental  Work  in 
Turbomachinery,"  H.  Weyer  and  R.  Schodl.  Paper  no.  71-FE-28,  ASME  Fluids 
Engineering  Conference,  Pittsburgh,  PA.,  May  9-12,  1971. 

This  paper  describes  a  siren- type  generator  having  a  frequency 
range  from  below  100  Hertz  to  over  4000  Hertz.  It  consists  of  a 
rotating  wheel  with  a  complex  arrangement  of  circumferential  and  axially- 
oriented  slots  on  the  outer  rim  and  air  supply  and  pressure  take-off 
ports  on  the  inner  face  of  a  stator.  The  pressure  supply  used  was  about 
1.6  times  atmospheric  discharge.  The  device  generates  a  rectangular¬ 
shaped  wave.  It  was  not  intended  for  transducer  calibration.  The 
authors'  abstract  is  as  follows: 

"Strong  pressure  oscillations  of  h-igh  frequencies  and  high 
amplitudes  occur  in  the  region  of  turbomachine  rotors.  The 
measurement  of  the  average  pressures  resulting  from  these 
oscillations  is  one  of  the  most  important  measuring  problems  in 
turbomachinery,  because  the  pneumatic  measuring  systems  usually 
used  in  such  tests  yield  average  pressures  which  normally  do  not 
agree  with  true  time- integrated  values.  This  paper  deals  with  an 
investigation  aimed  at  the  development  of  techniques  which  permit 
the  measurement  of  well-defined  average  values  of  oscillating 
pressures.  Three  different  methods  developed  and  tested  at  DFVIR 
are  described.  Two  of  them  -  a  hydraulic  and  mechanical .one  -  are 
able  to  measure  the  true  time-averaged  pressures  with  an  accuracy 
better  than  0.5  percent  of  acting  pressure  amplitude.  The  third 
procedure  is  based  on  an  evaluation  method  by  means  of  which  the 
average  pressures  indicated  by  special  pneumatic  measuring  systems 
can  be  correlated  to  the  true  time-weighted  values.  Experimental 
and  computed  results  are  presented  showing  a  very  good  agreement." 
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2.  "An  Experimental  Evaluation  of  Unsteady  Flow  Effects  On  An  Axial 
Compressor,"  G.  Reynolds,  U.  Vier,  and  T.  Collins,  AF  Technical  Report, 
AFWAt-TR-73-43,  July  1973. 

This  report  Includes  a  description  of  a  large  (44  inch  diameter) 
"siren"  type  device  consisting  of  several  fixed  and  rotating  perforated 
discs  which  "chop"  the  air  flowing  into  the  atmospheric  inlet  of  the  fan 
type  compressor.  The  result  is  a  uniform  planar  wave  front  of 
periodically  varying  pressure  ranging  in  frequency  from  42  to  800  Hertz. 
The  device  was  not  Intended  to  be  used  for  calibrating  transducers.  The 
author's  abstract  is  as  follows: 

"A  test  program  has  been  successfully  completed  to  obtain 
fundamental  Information  concerning  the  behavior  of  a  fan  compressor 
unit  when  subjected  to  planar  pressure  and  flow  pulses.  Testing  was 
conducted  at  two  corrected  fan  speeds  over  a  range  of  Input 
pressure  amplitudes  and  frequencies.  A  total  of  24  fan  surges  and 
approximately  57  "steady-state"  data  points  was  obtained.  The 
General  Electric-  developed  Planar  Pressure  Pulse  Generator  (P3G) 
was  used  to  produce  a  sinusoidal -type  pressure  disturbance  to  a 
current  technology  two-stage  fan  inlet.  A  thorough  complement  of 
dynamic  instrumentation,  consisting  of  approximately  45  transducers, 
was  utilized  throughout  the  testing.  Data  reduction  is  complete 
and  several  fundamental  results  have  been  obtained." 

3.  "Improvement  of  a  Large-Amplitude  Sinusoidal  Pressure  Generator  for 
Dynamic  Calibration  of  Pressure  Transducers,"  R.  Robinson.  NASA 
Contractors  Report  CR-120874,  February  1972. 

Author's  Abstract 

"Results  of  research  on  the  Improvement  of  a  sinusoidal  pressure 
generator  are  presented.  The  generator  is  an  inlet-area-modulated, 
gas -flow-through  device  (siren  type)  which  has  been  developed  to 
dynamically  calibrate  pressure  transducers  and  pressure  probes. 

Tests  were  performed  over  a  frequency  range  of  100  Hz  to  20  kHz  at 
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average  chamber  pressures  (bias  pressure)  between  30  and  50  psia 
(21  and  25  N/cm^-abs)  and  between  150  and  300  psia  (104  and  207 
N/cm^-abs).  Significant  improvements  in  oscillation  pressure 
waveform  were  obtained  but  with  reduction  in  available  generator 
oscillation  pressure  amplitude  range.  Oscillation  pressure 
amplitude,  waveform,  and  waveform  spectral  content  are  given  as 
functtons  of  frequency  for  the  two  bias  pressure  conditions.  The 
generator  and  instrumentation  for  frequency,  amplitude,  and  spectrum 
measurements  are  described." 

4.  "A  New  Dynamic  Pressure  Source  for  the  Calibration  of  Pressure 
Transducers , "  C.  Vezzetti,  J.  Hilten,  J.  Mayo-Wells,  P.  Lederer.  NBS 
Technical  Note  914,  June  1976.  (Also  listed  as  Reference  37). 

Author's  Abstract: 

"A  dynamic  pressure  source  is  described  for  producing  sinusoidally 
varying  pressures  of  up  to  34  kPa  zero-to-peak,  over  the  frequency 
range  of  approximately  50  Hz  to  2  kHz.  The  source  is  intended  for 
the  dynamic  calibration  of  pressure  transducers  and  consists  of  a 
liquid-filled  cylindrical  vessel,  11  cm  in  height,  mounted  upright 
on  the  armature  of  a  vibration  exciter  which  is  driven  by  an 
amplified  sinusoidally  varying  voltage.  The  transducer  to  be 
calibrated  is  mounted  near  the  base  of  the  thick-walled  aluminum 
tube  forming  the  vessel  so  that  the  pressure-sensitive  element  is  in 
contact  with  the  liquid  in  the  tube.  A  section  of  the  tube  is 
filled  with  small  steel  balls  to  damp  the  motion  of  the  10-St 
dimethyl  siloxane  working  fluid  in  order  to  extend  the  useful 
frequency  range  to  higher  frequencies  than  would  be  provided  by  an 
undamped  system. 

The  dynamic  response  of  six  transducers  provided  by  the  sponsor  was 
evaluated  using  the  pressure  sources;  the  results  of  these  calibrations 
are  gi ven . " 
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APPENDIX  D 

OPERATING  PRINCIPLE-RESTORED  CARRIER 
FREQUENCY  TRANSLATING  SIGNAL  CONDITIONER 

The  functioning  of  this  equipment  can  best  be  illustrated  by 
referring  to  a  more  detailed  functional  block  diagram.  Figure  D-l ,  and  the 
following  step-by-step  adjustment  procedure. 

1.  Establish  zero  measurand  on  the  transducer. 

2.  With  zero  injected  carrier  (switch  in  "Balance"  position), 
adjust  and  9^  to  give  minimum  output  as  indicated  on  the  "Balance 
Indicator." 

3.  Put  a  trial  pressure  load  of  1/2  to  3/4  of  the  desired  full 
scale  value  In  the  positive  direction  on  the  transducer. 

4.  Add  Injected  carrier  by  setting  the  switch  to  "Operate." 

Adjust  0C  for  a  DC  voltage  maximum  at  the  FTD  terminals  (EQ). 

5.  Test  the  system  polarity  by  Increasing  the  pressure  slightly. 

If  the  output  Indication  decreases,  reverse  transducer  connections  A  and 
D  and  repeat  steps  1  through  4. 

6.  Remove  the  pressure  load  and  adjust  for  zero  output  at  the 
FTO  terminals. 

7.  Adjust  "Gain"  for  desired  calibration  with  test  pressure 
applied. 

8.  Fine-trim  the  adjustments  by  repeating  steps  3,  4,  and  6. 

The  voltage  phase  relationships  shown  in  Figure  26  apply  to  this 
equipment  when  is  replaced  by  Vq.  The  amplitude  of  the  output  from 
transformer,  T2,  would  then  be  represented  by  the  sum  of  phasors  Vc  and 
Vj.  Therefore,  the  output  is  directly  affected  by  the  magnitude  of  V^. 


TRANSDUCER 


Functional  Schematic  -  Restored  Carrier  (Full  AH)  Frequency 
Translating  Signal  Conditioner 
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APPENDIX  E 

CIRCUIT  VARIATIONS  FOR  SPECIAL  INSTALLATIONS 
VARIABLE  RELUCTANCE  PRESSURE  TRANSDUCER 

There  are  several  simple  rules  governing  the  use  of  variable 
reluctance  pressure  transducers  in  typical  ground  test  facility 
applications.  These  apply  to  both  conventional  and  special  electrical 
circuit  arrangements,  and  are  as  follows: 

a.  Thermal  effects  on  the  electrical  characteristics  of  the 
transducer  are  due  to  eddy  current  resistance,  changes  in  the  effective 
permeability  of  the  case  and  centerplate  material,  and  resistance  in  the 
coil  windings  and  leads  to  the  signal  conditioner.  These  effects  are 
temporary  if  temperatures  do  not  exceed  250  degrees  Celsius.  To  date, 
efforts  in  developing  special  high-temperature  VR  transducers,  such  as 
test  unit  C-10,  have  been  limited.1  The  use  of  temperature-dependent 
resistors  to  compensate  for  the  effects  of  eddy  currents  on  span  and  zero 
is  quite  common. 

b.  Where  long  cables  are  necessary,  a  higher  impedance  excitation 
power  feed  is  advantageous  because  voltage  drop  in  the  line  can  be 
reduced.  An  additional  voltage  sense  line  might  also  be  provided.  In 
severe  cases,  compensation  of  IR  drop  variations  with  temperature  can  be 
accomplished  by  means  of  temperature-dependent  resistors. 

c.  Impedance  levels  and  circuit  ’•ground"  configurations  can 
easily  be  manipulated  with  transf ormers .  The  same  temperature 
considerations  in  (a)  above  pertaining  to  the  transducers  apply  to 
transformers . 

d.  Low  Impedance  transducers  are  less  susceptible  to  adverse 
loading  effects  from  the  FTSC  input  circuit  and  from  line  capacitances. 


^Transducers  C-10  and  C-ll  are  certified  by  the  manufacturer  to  operate 
within  specifications  at  temperatures  up  to  600  degrees  F. 
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e.  (Dielectric  properties  and  electrostatic  shielding  efficiency 
of  shielded  cables  are  not  critical. 

f.  The  circuits  are  not  sensitive  to  high  frequency  EMI,  nor  do 
they  create  same. 

g.  Connection  points  such  as  screw  terminals  and  solder  joints 
must  be  secure  and  corrosion  free.  Defects  would  probably  appear  first 
as  calibration  shift  and  zero  drift  due  to  resistive  effects,  although 
these  are  less  serious  than  in  DC  and  strain  gage  circuits  in  which 
useful  signals  are  much  smaller.  However,  these  points  may  also  behave 
as  semiconductors,  degrading  the  Inherent  immunity  of  the  carrier  system 
to  normal  mode  noise.  With  these  non-linear  elements  in  the  circuit, 
any  electrical  noise  present  will  modulate  the  carrier  and  appear  in  the 
output  of  the  FTSC  together  with  the  pressure  data.  High  intensity  low 
frequency  magnetic  fields  Impinging  on  the  transducers  and  transformers 
will  interfere  with  the  signal,  but  their  effect  will  be  temporary. 

Conation  audio  equipment  techniques  may  be  used  to  provide  a  wide 
variety  of  circuit  and  installation  configurations.  Figure  E-l  shows  a 
multi-channel  scheme  which  meets  some  particular  installation 
requirements,  among  them  cable  bulk.  It  illustrates  some  of  the  general 
principles  applicable  to  these  circuits  and  the  additional  design  and 
Installation  flexibility  provided  by  transformers.  The  need  for  long 
cables  from  the  power  distribution  transformer  Tq  to  the  signal 
conditioner  room  is  reduced  to  one  unshielded  #18  lead  ("bus").  One  or 
more  of  the  shields  of  the  signal  leads  can  be  used  as  the  return  line. 
The  current  in  this  bus  will  be  less  than  0.6  mi  Hi  ampere  per  transducer. 
Only  a  single  shielded  wire  of  any  cornnon  kind  per  transducer  is 
required  for  each  of  the  signals.  TQ  is  an  8  watt,  70.7  volt  line-to- 
voice-coil  transformer  with  a  16/4  ohm  secondary,  located  within  20  feet 
of  the  transducers.  These  transformers  are  intended  for  use  in 
loudspeaker  circuits  of  sound  distribution  systems  and  operate 
efficiently  up  to  about  30  kilohertz.  With  low  impedance  transducers  ( Zy 
*  200  Ohms),  the  individual  power  leads  need  not  be  shielded  but  should 
be  a  tightly  twisted  pair  of  #20  or  larger  wire.  A  centralized 
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excitation  power  distribution  (“bus")  system  for  many  transducer 
channels  can  be  created  by  expanding  this  concept. 

Transformerless  circuits  such  as  shown  in  Figure  £-1(8)  may  be  used 
when  the  FTSC  electronics  can  be  located  very  near  or  integral  with  the 
transducer.  Long  lengths  of  high  Impedance  low-level  signal  leads  must 
be  avoided. 

It  is  possible  to  provide  several  completely  independent  output 
signals  from  one  transducer.  The  circuit  conmon,  scale  factor  (slope) 
and  zero  (intercept)  for  each  output  may  be  independent  and  a  fault  in 
one  output  will  not  affect  the  others.  This  is  done  by  adding  more 
“signal  conditioner"  blocks  as  shown  in  Figure  30  and  operating  all  of 
them  from  the  same  signal  and  reference  voltages  and  into  a  common  input 
circuit. 
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